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Abstract
The objective of this research work was to develop new Fe-Mn-Si based shape memory
alloys with property and cost advantages over existing commercial Fe-Mn-Si and FeMn-Si-Cr-Ni alloys. The work involved the investigation of the effect of alloying
elements, heat treatment and precipitation on the shape m e m o r y effect and corrosion
resistance of candidate alloys. The mechanism of stress induced y—»e martensitic
transformation and its reverse transformation, and the effect of thermomechanical
training on the shape m e m o r y effect were systematically studied.

TEM observations supported the concept that the regular overlapping of stacking faul
can result in the formation of bulk e martensite plates. Stacking faults were also found
to exist in e martensite plates, and it is inferred that these faults can act as embryos for
e—yy reverse transformation.

It was found that the shape memory capacity of Fe-Mn-Si based shape memory alloys
varies with annealing temperature, and this effect can be explained in terms of the
effect of annealing on y<-»£ transformation. Annealing at about 8 7 3 K was found to be
optimal to form the dislocation structures which are favourable for stress induced
martensitic transformation, thus resulting in the best shape m e m o r y behaviour.

Strengthening of the austenite matrix is generally considered to be an effective met
for improving the shape m e m o r y effect of ferrous shape m e m o r y alloys, and although
ausaging has been found to improve transformation reversibility and shape m e m o r y
effect in Fe-Ni based alloys, precipitation of coherent NisTi particles in austenite was
found in the present work to degrade the shape m e m o r y effect of Fe-Mn-Si based shape
m e m o r y alloys. T E M results showed that precipitates can pin Shockley partial
dislocations, suppressing stress induced y—>e transformation. Optical microscopy and
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X-ray diffraction results confirmed that the amount of stress induced e martensite
decreased when precipitation occurred.

It was found that alloying Fe-Mn-Si ternary alloys with Al and Cu significantly
enhanced their resistance to hydrochloric acid attack. For example, Fe-28Mn-6Si-lAllCu and Fe-20Mn-6Si-7Cr-lCu (wt%) alloys developed in the work exhibited both
good shape memory effect and corrosion resistance to hydrochloric acid. Furthermore,
Fe-Mn-Si-Cr-Ni-Cu corrosion resistant alloys developed on the basis of conventional

Fe-Mn-Si-Cr-Ni stainless steel alloys exhibited improved and increasing resistance to
hydrochloric acid corrosion with increasing Cu content. The new Fe-Mn-Si-Al-Cu and
Fe-Mn-Si-Cr-Ni-Cu alloys also showed better corrosion resistance than their
conventional counterparts in sulphuric acid. Immersion tests in 3.5% NaCl solution
showed that Cu did not significantly improve the corrosion resistance. Among the
alloys examined, the reference Fe-Mn-Si-Cr-Ni alloy gave the best corrosion
resistance in 3.5% NaCl solution. However, the corrosion resistance of Fe-Mn-Si-CrCu alloys in 3.5% NaCl was relatively high and increased with increasing Cr
concentration. Potentiostatic tests on Fe-Mn-Si-Cr-Ni and Fe-Mn-Si-Cr-Ni-Cu alloys
indicated that the addition of Cu is beneficial in facilitating passivation.
The shape memory effect of the alloys investigated was significantly improved by
thermomechanical training, with the efficiency of training being a function of the

number of training cycles, the training strain, and the recovery annealing temperature
Generally, the shape memory effect increased with increasing training cycle number,

and reached a saturation value after 4 to 6 training cycles. The optimal training stra

was found to depend on the alloy composition. An excessive training strain induces sl
deformation which does not contribute to the recovery strain. The recovery annealing

temperature was found to be crucial to the thermomechanical training, and the current
study indicated that annealing at about 873K was most effective for improving the
shape memory effect.
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Thermomechanical training makes stress induced martensitic transformation easier,
because the training process creates dislocation structures which promote the
nucleation of martensite. Training resulted in a finer martensite plate size, reducing the
local transformation shear and volume strains which need to be accommodated in the
austenite. Thermomechanical training also influenced e—»y reverse transformation, with
the A f temperature decreasing with number of training cycles. In contrast, the M s and
A s temperatures remained nearly constant. Therefore, the improvement of shape
m e m o r y effect on training is due to the facilitation of both stress induced martensitic
transformation and its reverse transformation.

Several of the new alloys, and particularly those based on Fe-Mn-Si-Cr-Cu, showed
excellent strain recovery after training. Recovery strains of up to 5.4% were obtained,
significantly higher than those obtained for the Fe-Mn-Si and Fe-Mn-Si-Cr-Ni
reference alloys and higher than strains previously reported in the literature for Fe-MnSi based alloys. The corrosion resistance of the Fe-Mn-Si-Cr-Cu alloys was also similar
to that of the commercial stainless alloy (Fe-Mn-Si-Cr-Ni) and because of the
replacement of up to 1 0 w t % Ni with l w t % Cu, the n e w alloys are m u c h less expensive.
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Introduction
1. Background

Shape memory alloys are functional materials which can "remember" and return to a preexisting size and shape with the input of a relatively small amount of thermal energy. This
shape m e m o r y effect occurs in alloys exhibiting a reversible martensitic phase change, as
they can accommodate strain by the motion of transformation product interface rather than
by irreversible plastic strain or slip deformation.

Two typical industrial shape memory alloy systems, Ni-Ti and Cu based alloys have been
developed. Ni-Ti shape m e m o r y alloy is capable of recoverable strains of up to 8%.
However, the high cost of Ni-Ti has stimulated the development of alternatives. C u based
shape m e m o r y alloys are cheap compared with Ni-Ti alloys, and can show a m a x i m u m 5 %
recoverable strain, but they have several disadvantages. C u based alloys are prone to
decomposition into the equilibrium phases a and y during overheating (to 200°C or higher),
prone to a stabilisation of the martensite (the A s temperature will increase slightly during
long term ageing in the martensitic phase, even at room temperature). Moreover, the rapid
grain growth during annealing often results a very large grain size in the order of m m ,
which limits the fracture stress and the fracture strain to a few percent.
Fe-Mn-Si based shape memory alloys were developed in the 80s. The reported maximum
recoverable strain so far is only about 3 % , and higher recoverable strains would facilitate
the application of these alloys as heat shrinkable couplings. The corrosion resistance of FeMn-Si ternary alloys is relatively poor being similar to mild steels. In order to prevent
corrosion, Fe-Mn-Si-Cr-Ni shape m e m o r y alloys (also called stainless steel based shape
m e m o r y alloys) have been developed by the companies Ugine-Savoie (France), N K K
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(Japan) and Raychem (USA), but they are more costly because of the addition of Cr and Ni,
and particularly, a maximum nickel content of about 10%. Therefore, the development of
new corrosion resistant Fe-Mn-Si based shape memory alloys with relatively low cost
(compared with Fe-Mn-Si-Cr-Ni alloys) , good corrosion resistance and improved shape
memory effect is a worthwhile goal.
2. Objectives of present research

The objective of this research work was to develop new, low cost, corrosion resistant Fe
Mn-Si based shape memory alloys with a recovery strain higher than reported value of
about 3%. The research work involved alloy design and selection, characterisation of
martensitic transformation and the correlation with the shape memory effect, corrosion
behaviour, and optimisation of thermomechanical training.

List of symbols and abbreviations
1. Symbols
A area in m2

As temperature at which austenitic transformation starts on heating
Af temperature at which austenitic transformation finishes on heating
fe volume fraction of 8 martensite

h thickness of the sample for bending test
i current density

Lo length of specimen before tensile deformation
Li length of specimen after tensile deformation
L2 length of deformed sample after recovery heating
Ms temperature at which martensitic transformation starts on cooling
Mf temperature at which martensitic transformation finishes on cooling
Md maximum temperature at which martensitic transformation can be stress-induced

N number of thermomechanical training cycles

R bend radius in bending test
Rl bend radius (or radius of curvature) after application of pre-strain

XV

R2 bend radius (or radius of curvature) after recovery heat treatment
T temperature (K)

Tn Neel temperature of austenite
T temperature at which the critical stress for martensite formation equals the critical
stress for slip deformation
To Temperature at which the free energy vs temperature curves of y and e phase of the
same composition to intersect each other
Vc'ioo pitting potential (pitting corrosion occurs above this potential)
W mass loss in grams during corrosion test
y austenite phase
8 epsilon martensite phase
a' alpha prime martensite phase

2 Abbreviations
ASTM the American Society for Testing and Materials

bcc body centred cubic
bet body centred tetragonal
DSC differential scanning calorimetry
fee face centred cubic

xvi

fct face centred tetragonal

hep hexagonal close packed

SME shape memory effect
TEM transmission electron microscopy

TMA thermal mechanical analyser
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Chapter 1 Iron based shape memory alloys

5ft 5ft 5ft 5f? 5ft 5ft 5ft 5ft 5ft 5jt 5ft 5ft 5(1 5ft 5ft 5ft 5ft 5ft 5ft 5ft 5ft 5Jt 5ft 5ft 5ft 5ft 5ft 5ft 5ft 5ft 5ft 5ft 5ft 5ft 5ft 5ft 5ft 5ft 5ft 5ft 5ft 5ft 5ft 5)t 5ft 5ft 5ft 5ft 5ft 5ft 5ft 5ft 5ft 5f

1.1 Introduction

There are many alloys which exhibit a shape memory effect. Although most of them are
non-ferrous alloys such as Ni-Ti and copper based alloys, it has been found that some

kinds of iron-based alloys do exhibit the shape memory effect. Basically, known ferrou

shape memory alloys can be divided into three types according to the crystallography o

the austenite - martensite transformation: (1) fee (y) - bec or bet (a' martensite), (2
(y) - hep (8 martensite), and (3) fee (y) - fct martensite. Shape memory behaviour in
ferrous alloys has been identified for both thermoelastic and non-thermoelastic
martensitic transformations, in contrast to non-ferrous shape memory alloys which are
typically associated with thermoelastic transformation (which is a reversible, low
hysteresis, martensitic transformation in which temperature and stress are
interchangeable in providing the driving force for martensitic transformation, ie. a

martensite plate or domain grows or shrinks as the temperature or stress is lowered or
raised.)

The shape m e m o r y effect in a' martensitic alloys has been reported for Fe-Ni-C [1], FeNi-Co-Ti [2, 3] and Fe-Ni-Co-Al [4], in which the martensite has an abnormally high
tetragonality, the a'/ y interface remains relatively mobile and the reverse transformation
occurs by reverse interface movement. Ordered Fe-Pt alloys in which bet a' is formed,
also show thermoelastic transformation and shape m e m o r y behaviour [5]. Furthermore,
shape m e m o r y has been observed in association with martensite in Fe-Ni [6] and weakly
ordered Fe-Pt [7] in which bec a' martensite is produced. The shape m e m o r y effect
associated with 8 martensitic alloys has been reported in Fe-Mn-Si [8-9], Fe-Cr-Ni [10]
and Fe-Mn-Si-Cr-Ni [11], in which the austenite has a low stacking fault energy and 8
martensite can form by overlapping of stacking faults. Shape m e m o r y behaviour
associated with fct martensite has only been investigated in the less-common alloys, such
asFe-Pt[12]andFe-Pd[13].

Because the cost of Fe-Pt and Fe-Pd alloys is very high, the research work on these
systems is only of academic interest. Iron-nickel based alloys such as Fe-Ni-C, Fe-NiCo-Ti and Fe-Ni-Co-Al exhibit problems such as tempering of martensite and the
transformation temperature M s being too low (<200K). A pre-strain applied just above
or near the M s temperature is convenient to produce deformation by the formation of
stress induced martensite, which can be recovered by heating to a higher temperature.
The tempering of martensite impedes reverse transformation by precipitation at
interfaces, leading to the degradation of shape m e m o r y capacity. These considerations
have spurred the development of Fe-Mn-Si based shape m e m o r y alloys, which are
inexpensive, have good workability and possess a suitable transformation temperature
range (near room temperature). The pre-strain can be given at room temperature rather
than at very low temperature.

4
1.2 Fe-Mn-Si based shape m e m o r y alloys

1.2.1 The effect of Mn and Si contents on shape memory effect

The composition of Fe-Mn-Si alloys is critical to shape memory effect. It is well known
that a weak shape m e m o r y effect can be obtained in F e - M n binary alloys [14] which
undergo austenite to epsilon martensite transformation. The degree of shape memory
effect rises with increasing M n content up to about 2 0 w t % , but a further addition of M n
degrades the shape m e m o r y effect. This behaviour can be explained by the magnetic
contribution to phase stability[15]. The Neel temperature (Tn), which is a magnetic
transformation temperature from a paramagnetic phase to an antiferromagnetic phase,
rises with increasing M n content. Below this temperature antiferromagnetic ordering
takes place in austenite, leading to the stabilization of austenite. A s a result martensitic
transformation is suppressed, with the degradation of the shape m e m o r y effect. It is
therefore desirable to decrease T n below the martensitic transformation temperature. Sato
et al.[16] added Si to F e - M n alloy in order to decrease T n and found that nearly complete
shape m e m o r y effect is attainable in a single crystal of Fe-30Mn-lSi alloy if the memory
inducing deformation is performed in the direction which activates a particular Shockley
partial dislocation [17,18]. F r o m a practical view point, it is desirable to obtain a
complete shape m e m o r y effect in the polycrystalline state. Recent research! 19] has
revealed that a 1 0 0 % shape m e m o r y effect (ie. complete strain recovery) can be obtained
in polycrystalline Fe-Mn-Si alloys.

The effect of Mn content on phase and magnetic transformation temperatures is indicated
in Figure 1.1 [20]: M s decreases as M n content increases, while T n increases. Si can
evidently reduce T n and enhance the strength of austenite, thus inhibiting the intrusion of
permanent slip during reversible deformation by formation of stress induced martensite.
In addition, Si plays an important role in the reversible movement of Shockley partial
dislocations, Si can m a k e those partial dislocations reversible, which is beneficial to
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Figure 1.1 Effect of M n content on the Neel temperature and M s of Fe-Mn-Si alloys[20].

shape m e m o r y effect, the mechanism still remains unclear, but more than 6.5% will

cause the alloy to become brittle. Figure 1.2 shows the effect of Si content on Ne
temperature of Fe-30Mn alloy [21].

In Figure 1.3[21], the magnitude of shape memory effect of polycrystalline Fe-Mn-S

alloys is presented as functions of Mn and Si contents. Nearly perfect shape memor
attained in the composition range of 28 to 34wt% Mn and 4 to 6.5wt% Si.
1.2.2 The effect of alloying on shape memory effect of Fe-Mn-Si alloys

Recently, considerable research work has been carried out on the effect of additio

alloying elements on shape memory effect of Fe-Mn-Si alloys [22-26]. This work can
summarised as follows.
Carbon - markedly improves shape memory effect of Fe-Mn-Si alloy by strengthening

austenitic matrix to restrict plastic strain accommodation, but preferably shoul
1% to avoid the formation of carbide.

Nickel - contributes to strength without impairing shape memory effect and inhib

formation of ferrite. Increasing Ni content will depress Ms temperature. Ni impai
hot workability of alloys at over 10%.
Chromium - improves shape memory effect, corrosion resistance, high temperature

oxidation resistance and yield stress. The Neel temperature, Ms temperature and s

fault energy decrease with increasing Cr content. But Cr may create a low melting
intermetallic compound and cause ferrite formation at over 10%.

Cobalt - improves shape memory effect (the reason is unclear) and hot workabilit
expensive.
Molybdenum - improves shape memory effect and heat resistance but impairs hot
workability and shape memory effect at over 2%.
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Figure 1.2 Effect of Si content on the Neel temperature of Fe-30Mn aIloy[21].
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Figure. 1.3 Effect of M n and Si content on the magnitude of shape memory for Fe-Mn-Si
alloy[21].

Aluminium - is used as a deoxidant and improves shape m e m o r y effect but has no added
effect at over 1%.

Copper - is a y forming element and improves the corrosion resistance without impair
shape m e m o r y effect. C u increases the stacking fault energy, and w h e n the addition is
over 3 % , e martensitic transformation is suppressed, and hot workability is impaired.

Calcium - improves shape memory effect through MnS shape control but excessive
addition impairs strength and fatigue properties. A possible explanation is that the
addition of C a can modify the inclusion shape from strings to spheres, reducing
mechanical barriers to stress induced martensitic transformation[24,25].
Rare earths - appears to have same effect as Ca.

Nitrogen - improves the corrosion resistance and yield strength of austenite. If the
addition is over 0.4%, it will cause the formation of nitrides of Cr and Si.
1.2.3 Mechanical properties

Research work on mechanical properties of Fe-Mn-Si based alloys, which has been
reported recently[8,11,28,29], shows that the fracture strength and yield strength of
alloys are largely dependent on the deformation temperature. Figure 1.4[8] presents the
stress-strain curves of polycrystalline Fe-31Mn-6.5Si for various temperatures.
Characteristic features noted are as follows: (1) the work hardening rate at small strain is
m u c h greater in polycrystalline than in a single crystal with the [413] tensile axis. (2)
Ductility decreases while ultimate strength increases, notably as temperature becomes
lower. (3) Yield stress of polycrystals increases with decrease in temperature but it
shows complex behaviour at low temperatures depending on the strain at which the yield
stress is defined.

The temperature dependence of the yield stress, defined as the 0.2% proof stress for
polycrystals and single crystals, is shown in Figure 1.5[8]. If the tensile direction for the
single crystal is [414] in order to obtain a single shear a/6[121] on a (111) plane, the
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Figure 1.4 Stress strain curves of Fe-31Mn-6.5Si alloy obtained by simple tensile
tests[8].
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Figure 1.5 Temperature dependence of yield stress of Fe-31Mn-6.5Si [8].

m a x i m u m Schmid factor will be obtained. The Schmid factor gives the ratio of shear
stress to tensile stress, and is determined by the angles of the direction of the applied
stress to the slip direction and to the normal to the slip plane. Figure 1.5 shows that for
both the single crystal and the polycrystal the slope of the temperature dependence shows
a clear transition at the same temperature T 0 (380K). At this temperature, the free energy
vs temperature curves of y and 8 phases of the same composition are considered to
intersect each other. T h e decrease of yield stress below To indicates that the stress
required to induce martensitic transformation decrease. The higher yield stress in the
polycrystals than that in the single crystals m a y be due partly to the smaller Schmid
factor in the deformation controlling grains and partly to the higher work hardening rate.
Similar results are also reported by Otsuka[29]. Figure 1.6 shows the temperature
dependence of yield stress in Fe-30Mn-6Si alloy. In order to obtain a good shape
m e m o r y effect, it is essential to generate martensite without inducing slip deformation,
because slip deformation is irreversible. The critical stress for martensite formation and
that for slip deformation correspond to the measured yield stress at T < T ' and T>T',
respectively. This observation leads to the conclusion that m e m o r y deformation must be
induced below T\

Cyclic deformation is also markedly affected by temperature [8]. Figure 1.7 shows the
cyclic stress-strain loops obtained at or close to saturation in stress or strain controlled
tests. Both the saturation stress and the saturation strain amplitude exhibited a clear
transition in the vicinity of M d , at about 400K. Figure 1.8 shows the variation of the
strain amplitude in stress controlled tests at Aa/2=392 M P a . The slower saturation in the
strain amplitude at a lower temperature indicates the slower saturation in the internal
structure. It should be noted that the amplitude did not saturate to fracture at 293 K. Such
a slow saturation below the M d is apparently attributable to the occurrence of y-e
transformation.
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Figure 1.6 Temperature dependence of yield stress w h i c h corresponds to the critical
stress for martensite formation (T<T) and that for slip deformation (T>T')[29].
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1.2.4 Corrosion resistance

Because the corrosion resistance of Fe-Mn-Si alloy is relatively poor[ll], a series of Cr,
Ni corrosion resistant alloys have been developed by some companies, such as UgineSavoie (France) and N K K (Japan).

Up until the present, only a few research reports on corrosion resistance of Fe-Mn-Si
alloys have been reported[l 1,30], but a systematic investigation has been carried out by
N K K on Fe-Mn-Si-Cr-Ni alloys (stainless steel based shape m e m o r y alloys)[30]. The
compositions of recently developed alloys are shown in Table 1.1.

There are two types of alloys, a "corrosion resistant type" and a "highly corrosion
resistant type". The "corrosion resistant type" is based on the Fe-Mn-Si-Cr-Ni system
but contains less than 1 3 % Cr. The "highly corrosion resistance type" is based on the
Fe-Mn-Si-Cr-Ni-Co system and contains 1 3 % Cr or more. The contents of alloying
elements other than Cr are adjusted so that the M s and A f temperature will sit in the
appropriate range (Ms near room temperature, A f lower than 673K).

Table 1.1. Composition ranges of alloys ( N K K )
Alloy type
Corrosion resistant

Cr

Ni

7-13%

13-15%

type

Highly corrosion
resistant type

Si
7%
Max

Co

10%
Max

Mn
15%
Max

10%

15%

7%

15%

Max

Max

Max

Max

Fe
Balance

Balance

The corrosion experiments by N K K were concerned with: pitting corrosion resistance
tests, stress corrosion cracking resistance tests and general corrosion resistance tests.
The test conditions are shown in Table 1.2.
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Table 1.2 Test method
Item
Anode

Conditions
Measurement

Objective

in

5%

polarization curve H 2 S 0 4 , 30°C,

Remarks

General corrosion In
resistance

accordance

with U S G0579

measurement
( A S T M G5-87)*
Ferric

Chloride Immersion for 24 hours in Pitting corrosion In

test

the aqueous solution, 1 0 % resistance

accordance

with JIS G0578

FeCl 3 -6H 2 O-0.05N H C 1 ,
( A S T M G48-76)*

20°C

Pitting corrosion Measurement of pitting Pitting corrosion In
potential

corrosion potential in the resistance

measurement

aqueous solution, 3.5%

accordance

with JIS G0577

NaCl, 30°C
4 2 % M g C l 2 test

U-bend

test

piece, Stress corrosion In

immersion for up to 120 cracking resistance

accordance

with JIS G0576

hrs in the aqueous solution,
boiling 4 2 % M g C l 2

( A S T M G36-73)*

()*: comparable A S T M Method
1.2.4.1 Pitting corrosion resistance
The NKK results of test according to JIS G0578 are shown in Figure 1.9(a), and

indicate that the corrosion rate of the 9Cr type alloy and 13Cr type alloy are nea

same as 304 stainless steel, and much smaller than that of 420 and 430 stainless st

Figure 1.9(b) shows the results of the pitting potential (Vc'100) measurements, wi

13Cr type alloy showing a slightly higher pitting potential than 304 stainless stee

100'

20°C, 10%FeCl 3 6H 2 0 + 1/20 N HC1
24hrs immersion test

10-

C3

i

VI

i-

o
fc

>.
o
a
o
a.

o
U

>>
*-»
L.

u
C\
0.1

O

o

C3
U

(N
I)
Q.

r^

a.

>*
U
m
• * - *

i-

>,
E-

o
en
u
Q.

>,
H

o
m
o
o.

(a)

600>

30°C, 3.5% NaCl
400-

u
oo

200-1

c/3

>
>

0-

D

•

1
CN
oTf

i

": -200-1

>
-400-

-600

1
o
et
O

a.
>^
u.
U
CT\

1
o
^rt
u
D.

>.

U
D.

>.
H

om

^f

u

&
>>
H

1
orn
u

a.
>,
H

t-

u
m

(b)

Figure 1.9 Results of pitting corrosion test, (a) Ferric chloride test, (b) Pitting potential
measurement[30]
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has excellent pitting corrosion resistance. The pitting potential of 9Cr alloy is h
that of 430 and 420 stainless steel, but is lower than that of 304 stainless steel.
These results indicate that the 13Cr alloy has almost the same pitting corrosion

resistance as 304 stainless steel and the 9Cr type alloy has a slightly higher resis
than 430 stainless steel.

1.2.4.2 Stress corrosion cracking resistance

U-bend test pieces (surface strain: about 11%) were immersed in an aqueous solution
boiling 42% MgCl2, and were checked every 24 hours[30]. The results are listed in
Table 1.3. Cracks initiated within 24 hours in both the 9Cr and 13Cr alloys. In 304

stainless steel, according to the reported data, cracks were observed within 24 hour

when immersed under the same conditions. In 420 steel, general corrosion occurred an
no stress corrosion cracking was observed.

Table 1.3 Results of stress corrosion cracking test
Test method

13Cr type alloy

9Cr type

420 steel

304 steel

Remarks

alloy
42%

MgCl2

test

Crack

Crack initiation N o crack

initiation

(within 24 hrs) 120 hrs)

(within
(JIS G 0 5 7 6 )

24

hrs)

120

( Crack

immersion

initiation
(within

hrs

24

hrs)

1.2.4.3 General corrosion resistance

The general corrosion resistance of alloys is characterized by the anodic polarizati

The results of the active peak current density (i critical, an index of general corr

resistance) and the passive current density (i passive, an index of passive film fo

are shown in Figure 1.10[30], the active peak current density values of the 9Cr and 13Cr
alloys are almost equal to those of 420 and 430 stainless steel, which means that the
alloys have nearly the same general corrosion resistance. Furthermore, the passive
current density values measured also suggest that the passive films formed on 9Cr and
13Cr alloys are as stable as that of 18Cr type stainless steel.

1.3 Phase transformation and shape memory mechanism

In Fe-Mn-Si based shape memory alloys, the shape memory effect is governed b
phase transformation, and in contrast to non-ferrous shape memory alloys, martensitic
transformation in Fe-Mn-Si based shape memory alloys does not show thermoelastic
transformation. Therefore, the mechanism of y o e transformation becomes a critical
point, which has been extensively studied[27,31-36].

Fe-Mn binary austenitic alloys have a low stacking fault energy (<40mJ/m2)[3
the addition of Si decreases the stacking fault energy even further[38]. Therefore, the
stacking fault energy of Fe-Mn-Si based shape memory alloys is very low, and perfect
dislocations are easily split into two Shockley partial dislocations. The £ martensite is
formed by the movement of Shockley partial dislocations in the direction of a/6<121> on
every second {111 }y plane, such that a change in the stacking fault sequence
ABCABC

to A B A B A B

occurs through {111} Y <121> shear. A bulk hep

crystal ( e martensite ) with a {111 }y//{0001 }e, <110> Y //<ll20> e orientation
relationship to austenite is produced. T w o mechanisms of e martensitic transformation
have been proposed: the pole mechanism and the stacking fault mechanism.

1.3.1 Pole mechanism

The pole mechanism was proposed by Seeger[34] in dealing with a partial disl
multiplication mechanism. It has been applied by Hoshino et al[31,33] to explain y-e
martensitic transformation in an Fe-31Mn-6Si single crystal. The multiplication of
Shockley partial dislocations occurs on every second {111 }y plane, and thus £
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Figure 1.10 A n o d e polarization characteristics of 9Cr and 13Cr type stainless steel
based shape memory alloys, (a) schematic drawing of anode polarization curve, (b)
results[30]

martensite forms directly. Figure 1.11 shows a schematic drawing of the pole
mechanism.

From Burgers vector analysis, it was found that a small angle grain boundary was
composed of three types of perfect dislocation, ±(a/2)[0Tl], ±(a/2)[011] and
±(a/2)[ll0]. A dislocation pair is generated from the three dislocation node by the
following plausible dislocation reaction:
(a/2)[l TO] + (a/2)[011] + (a/2)[0ll] -^ (2a/3)[lTl] + (a/6)[Tl2]

where (2a/3)[l 11] is the pole dislocation.

If the dislocation energy is taken as proportional to the square of the Burgers vecto
total dislocation energy remains the same in the above reaction.

Based on this analysis, Hoshino et al[46,48] considered that the pole mechanism in y-£
transformation is energetically feasible.
1.3.2 Stacking fault mechanism
The stacking fault energy of Fe-Mn-Si based shape memory alloys is very low. Stacking
faults are induced on {111 }y planes by the motion of Shockley partial dislocations. The
further extension and overlapping of stacking faults results in the formation of bulk hep
structure - £ martensite[36,32]. This suggests that stacking faults can act as nuclei for £
martensite formation. Fujita et al[35] divided this mechanism into the following three
stages, based on the study of y-£ transformation in 18/8 stainless steel.

(1) The formation of wide stacking faults

(2) The irregular overlapping of stacking faults

(3) The regular overlapping of stacking faults

Since the pole mechanism usually dominates in high stacking fault energy alloys, it is
more than likely that the stacking fault overlap mechanism is the more possible

P: b = ^ (iTl)
S : b = |(121) |
" 2_d

t

Figure 1.11 Schematic drawing of the pole mechanism proposed by Seeger[34].
(£ martensite will increase in thickness both above and below the starting
plane.)

operational mechanism in Fe-Mn-Si based shape m e m o r y alloys which have very low
stacking fault energy.

1.4 Factors influencing shape memory effect of Fe-Mn-Si based shape
m e m o r y alloys
1.4.1 Amount of strain

It has been found that the amount of strain (sometimes called pre-strain) has a stro
influence on the shape m e m o r y effect of Fe-Mn-Si based alloys[36,39,40,41]. The
results show that shape m e m o r y effect decreases when the amount of strain is above a
certain level. Figure 1.12[36], which plots the amount of strain against shape memory
effect, indicates that the shape m e m o r y effect is higher than 7 5 % , if the amount of strain
is smaller than 2 % . With an increasing amount of strain, however, the shape memory
effect decreases appreciably. It is evident that a significant amount of unrecoverable
permanent strain is accumulated with an increasing amount of strain.

During deformation below the Md temperature, deformation generally occurs by both
stress induced martensite transformation and slip. At higher strain, the contribution of
the slip process seems to be m u c h larger, and therefore an increasing proportion of the
strain is unrecoverable.

Robinson et al[39] found that Af temperature increased with increasing strain, indi
that the dislocations associated with plastic strain obstruct the movement of Shockley
partials by which the reverse transformation occurs, thus requiring a larger driving force
(higher temperature) for the reverse transformation to occur on heating.

1.4.2 Deformation temperature
The shape memory effect of Fe-Mn-Si based alloys is largely dependent on the
deformation temperature. Figure 1.13 [3 6] shows tensile test ( 4 % strain) results between
-196°C (77K) and 150°C (423K). It is evident that the shape memory effect is maximised
between -20°C and 20°C, and decreases significantly with increasing temperature above

<
Strain (7.)

6

Figure 1.12 Effect of the amount of strain on the shape memory effect of Fe-14Mn-6Si9Cr-6Ni[36].

-200
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Figure 1.13 Effect of the prestraining temperature on the shape memory effect of Fe14Mn-6Si-9Cr-6Ni (4% prestrain)[36].

40 C. In the specimen prestrained at 150°C, shape m e m o r y behavior was almost absent.
Specimens prestrained below -80°C showed a shape m e m o r y effect which was relatively
constant with respect to the temperature of prestraining. Thus, a large shape m e m o r y
effect could only be obtained in specimens strained at temperatures below 40°C. These
results support the view that the deformation temperature must be between M s and T Q
(equilibrium temperature of y<-»£ transformation). Similar results were also reported by
Sato et al[18]. The M s and To temperatures of a Fe-27Mn-3Si alloy were found to be
3 3 9 K and 414K, respectively, and the best shape m e m o r y effect was obtained after
deformation in the temperature range of 360k to 380K.
Recently it is reported by Yang et al[42] that a better shape memory effect can be
obtained by deforming Fe-Mn-Si based alloys at very low temperature (77K). There is a
certain amount of thermally induced martensite existing in alloys at 77K. This suggests
that the thermally induced £ martensite cannot be simply treated as an obstacle to stress
induced martensitic transformation and shape m e m o r y effect. The implication is that the
formation process and distribution of thermal £-martensite m a y be different for
deformation at temperature well below room temperature and for deformation at room
temperature (Ms>room temperature). Although both structures will have pre-existing £
martensite before deformation, in the latter case, the already formed spontaneous thermal
£ martensite suppresses the formation of stress induced £ martensite. In the former case,
due to the large undercooling and applied stress, the pre-existing £ martensite m a y start a
re-orientation process. T h e pre-existing £ martensite with a preferred orientation will
grow. In addition, it is k n o w n that the stacking fault energy decreases with decreasing
temperature, and so stacking faults are more easily formed and extended, and can act as
nucleation sites for y—>£ transformation.

1.4.3 Annealing temperature

Annealing (solution treatment) at high temperature will affect the phase transformat
behaviour and shape m e m o r y effect of Fe-Mn-Si based alloys through its influence on
microstructures.
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1.4.3.1 The effect of annealing temperature on transformation behaviour

It is reported[43] that Ms temperature increases with increasing annealing temperatu
but A s temperature changes very little. Nishiyama[44] suggested that the reason for that
the change of transformation temperature with annealing temperature is that a higher
"quenching" temperature produces more frozen-in vacancies and in turn more nucleation
sites for martensitic transformation.

1.4.3.2 The effect of annealing temperature on the shape memory effect

Figure 1.14 [45] shows the effect of annealing temperature on the shape memory effect
of two Fe-Mn-Si alloys. It should be noted that the shape recovery first increases and
then decreases with increasing annealing temperature. The as-hot rolled samples usually
contains some martensite, which is probably due to finish rolling temperature below the
non-recrystallization temperature and the formation of some strain induced martensite on
cooling. Annealing under appropriate conditions after hot rolling will not only remove
this martensite but also remove the work hardened structure. M o r e complete removal of
the work hardened structure by annealing at higher temperatures will m a k e the austenitic
matrix softer, and more prone to deformation by conventional slip rather than by
transformation. O n the other hand, very low annealing temperature can be associated
with incomplete removal of residual strain from rolling. A m a x i m u m shape recovery is
thus expected after annealing at an intermediate temperature.

1.4.4 Thermal cycling
The shape memory effect and martensitic transformation behaviour of Fe-Mn-Si based
alloys are largely influenced by thermal cycling[45,46,47]. Figure 1.15a[46] shows the
changes in M s , As, A f temperature and the amount of £ martensite of Fe-24Mn-6Si alloy
at 3 0 5 K by thermal cycling between 3 0 5 K and 573K. It is seen that the M s temperature
slightly decreases with increasing number of thermal cycles, while the A s temperature is
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Figure 1.14 Shape memory effect as a function of annealing temperature.
Alloy No.3 Fe-26.72Mn-3.58Si
Alloy No.4 Fe-32.05Mn-5.48Si[45]
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Figure 1.15 Changes in M s , As and Af temperature and the amount of £ martensite at
305K by thermal cycling[46].
(a) thermal cycling between 305K and 573K
(b) thermal cycling between 305K and 873K

almost constant and A f significantly increases with thermal cycling. Similar results were
also reported by Gosh et al[45].
Figure 1.15b[46] shows the changes in Ms, As, Af temperature and the amount of £
martensite of Fe-24Mn-6Si alloy at 3 0 5 K by thermal cycling between 305K and 873K.
The A s and A f temperature are almost constant, whereas M s temperature decreases
somewhat with increasing the number of thermal cycles. W h e n the thermal cycling was
performed between 3 0 5 K and 1173K, the results were essentially the same as that
between 3 0 5 K and 873K. According to the results of microstructural analysis, the
enhancement of the amount of £ martensite by thermal cycling between 305k and 573K
can be explained by microstructural memory. O n the other hand, the microstructural
m e m o r y is lost after cycling between 3 0 5 K and 873K (or between 305K and 1173K),
because of the recovery of y by dislocation climb and rearrangement. Sade et al[47]
reported another situation in the study of Fe-(24-35)Mn-(2-5)Si alloy by thermal cycling
between 7 7 K and 598K. The M s was lowered about 10K, A s was raised remarkably,
and hysteresis was increased. The results suggest that sessile lattice defects (dislocations
and stacking faults) are produced, which impede the movement of Shockley partials in
the transformation interface.

The effect of thermal cycling on shape memory effect was studied by Gosh et al[45],
w h o concluded that shape recovery deteriorates with thermal cycling. The results are
summarised in Table 1.4.

17
Table 1.4 The effect of thermal cycling on shape m e m o r y effect of Fe-32.02Mn-5.48Si
alloy [45]

Heat treatment

Shape recovery (%)

1. Annealed at 1373K and cooled to 7 7 K

59

2. 1+heated and held at 5 7 3 K for 5 mins and

42

cooled to 7 7 K
3. 2+heated and held at 5 7 3 K for 5 mins and
39
cooled to 77K, repeated 3 times

1.4.5 Prestrain above M d temperature (Ausforming)
The strength of the austenite has an important bearing on the shape memory effect. If the
shape change is effected by

stress-induced martensitic transformation without

accompanying plastic deformation of the austenite, complete shape recovery can be
obtained by reverse martensitic transformation. Strengthening of the parent phase raises
the yield stress, increasing the stress necessary for slip.
Robinson and McCormick [40] have recently reported that pre-straining at elevated
temperature (ausforming) can improve the shape m e m o r y effect in Fe-30%Mn-6.5%Si.
The purpose of pre-straining is to harden the parent phase, thus reducing the extent of
slip accompanying the stress-induced y - £ transformation and improving the
reversibility of the £ - y transformation on heating. The results indicate that the stress
required for slip with increasing pre-strain, up to 4 % , increases more strongly than the
stress required to induce the transformation. Larger values of pre-strain increase both the
transformation and yield stresses, thus reducing the transformation strain for conditions
of constant stress. Federzoni et al [48] also reported that the shape m e m o r y effect of a
Fe-Mn-Si-Ci-Ni alloy can be largely improved by deformation at high temperature, by
which austenite is hardened.

1.4.6 Thermomechanical training

It has been reported[8,27,28,29,36,39,41,49,50,51] that deforming and annealing
cycles (training) can improve the shape m e m o r y effect of Fe-Mn-Si based alloys. Figure
1.16[29] shows that the recoverable strain is improved by thermomechanical training
which consists of the repetition of deformation by 2.5% and annealing at 8 7 3 K for 10
minutes. After 5 cycles of training, complete shape m e m o r y effect is achieved.

The mechanism of thermomechanical training can be interpreted as follows, based on the
reported results.
(1) Training suppresses slip deformation and generates martensite at low stress.
Figure 1.17 shows the temperature dependence of yield stress of initial samples and
trained samples, and it demonstrates that the critical stress for martensite formation is
lowered and the critical stress for slip deformation is raised by thermomechanical
training. T h e shaded portion becomes larger after training leading to favourable
conditions for shape m e m o r y effect. This result suggests that training strengthens the
austenitic matrix, so that slip deformation is suppressed. Furthermore, training induces
m a n y stacking faults, which can act as nucleation sites for £ martensite formation,
leading to low critical stress for martensitic transformation.
(2) The amount of £ martensite is increased and the stress-induced £ martensite
gradually tends to form in a domain manner (ie. the particular oriented martensite bands
become dominated in some domains of the grain) with increasing training cycles[41].
The stacking faults induced by thermomechanical training can act as £ martensite
nucleation sites and therefore promote the kinetics of stress induced y-»£ transformation.
The formation of stress-induced £ martensite in the domain manner can be related to the
internal stress field developed gradually with increasing thermomechanical training
cycles. Since such internal stress does not exist in the specimen deformed in the first
cycle, the stress induced martensite plates are homogeneously dispersed in the whole of
the grain because they are induced only by the external applied stress. The residual strain
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Figure 1.16 Effect of thermomechanical training on shape memory effect of a Fe-32Mn
6Si alloy (training strain 2.5%)[29]
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Figure 1.17 Effect of thermomechanical training on temperature dependence of yield stress
of a Fe-32Mni-6Si alloy. Annealing temperature is 873K[29].

induced by training will lead to formation of an internal stress field which will affect £
martensitic transformation. Since the internal stress is not homogeneous in one grain, the
E martensite plates will form in domains, which can prevent intersection of £ martensite
plates and reduce the extent of stabilization of the martensite.
1.4.7 Grain refinement
There are two different views about the influence of grain size on the shape memory
effect of Fe-Mn-Si based alloys. M u r a k a m i et al[20] reported that there is no
distinguishable influence of grain size from 20-200|im on the shape m e m o r y effect of a
Fe-32Mn-6Si alloy. However, Tan et al[52] found that the shape m e m o r y effect of a Fe29.4Mn-6.2Si alloy decreases with increasing grain size. The recovery ratio decreased
from about 7 5 % to 2 0 % w h e n grain size increased from about 10u\m to 60|Lim. The
reported explanation is that since the £ martensite cannot pass through grain boundaries
during deformation, the coarser the grains, the higher the stress concentration that will be
built up. W h e n the local stress near grain boundaries due to the piled up partial
dislocations exceeds the critical resolved shear stress for slip, a/2<110> perfect
dislocations will be formed in the adjacent austenite grain. The experimental results
showed that perfect dislocations are generated in austenite with 40(xm grain size
deformed 3 % in tension, whereas no perfect dislocations are produced in austenite with
10|im grain size deformed 3 % in tension. A s perfect dislocations are easily induced in
coarse grained austenite, the shape m e m o r y effect decreases with increasing grain size.

1.5 Objectives of the research
Although considerable work has been reported on Fe-Mn-Si based shape memory alloys
in areas such as phase transformation mechanism, the origins of the shape m e m o r y
effect, the thermomechanical training effect and other practical and fundamental issues
still remain to be clarified. F r o m the practical view point, the shape m e m o r y effect of FeMn-Si based shape m e m o r y alloys is presently inferior to NiTi and copper-based shape
m e m o r y alloys. Furthermore, the corrosion resistance of Fe-Mn-Si ternary alloys is very

poor, and although "stainless" alloys have been developed, the cost of Fe-Mn-Si-Cr-Ni
alloys is quite high, and the development of alternative low cost alloys with good

corrosion resistance is still a worthwhile objective. From the fundamental view point
mechanisms of both phase transformation and thermomechanical training are still not

clear, particularly the role of austenite strengthening. Therefore, the main objectiv
this research are as follows:
(1) To develop new Fe-Mn-Si based shape memory alloys, which have good shape
memory effect, high corrosion resistance and low cost.
(2) To study the effect of precipitation strengthening on shape memory effect of FeMn-Si based alloys.
(3) To study the mechanism of y-£ transformation.

(4) T o clarify the mechanism of thermomechanical training.
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2.1 Systems Investigated

The corrosion resistance of Fe-Mn-Si ternary shape memory alloys is poor, and the
recoverable strain of these alloys is less than 2 % . In order to improve the corrosion
resistance and shape m e m o r y effect of Fe-Mn-Si based alloys, the following alloy
systems were selected for investigation.

2.1.1 Fe-Mn-Si system

Two Fe-Mn-Si ternary alloys were chosen as reference alloys, and the compositions
listed in Table 2.1.

Table 2.1 The compositions of Fe-Mn-Si allovs
Alloy

Mn(%)

Si (%)

Fe

1#

28

6

balance

2#

31

6

balance

23
2.1.2 Fe-Mn-Si-Cr-Ni system

Recently, Fe-Mn-Si-Cr-Ni shape memory alloys (stainless steel based alloys) have
successfully developed by the companies Ugine-Savoie (France), N K K (Japan) and
Raychem (USA). Based on the reported results[24,25], four Fe-Mn-Si-Cr-Ni alloys
were prepared in the present research work. Table 2.2 gives the alloy compositions.
Table 2.2 The compositions of Fe-Mn-Si-Cr-Ni alloys
Alloy

Mn (%)

3#

20

4#

17

5

9

6

balance

5#

16

5

12

5

balance

6#

13

5

10

6

balance

Si (%)

Cr (%)

Ni (%)

5

8

5

Fe
balance

2.1.3 Fe-Mn-Si-Cr-Ni-Cu system
The corrosion resistance can be improved by the addition of Cu. Three alloys
alloy; were
designed in order to study the effect of Cu. (Table 2.3)

Table 2.3 The compositions of Fe-Mn-Si-Cr-Ni-Cu alloys

Alloy

Mn(%)

Si (%)

Cr (%)

Ni (%)

Cu (%)

Fe

7#

13

5

10

6

1

balance

8#

13

5

10

6

2

balance

9#

13

5

10

6

3

balance

24
2.1.4 Fe-Mn-Si-Al-Cu system

The addition of Al has been reported to improve shape memory effect
alloys[24,25], and Cu improves corrosion resistance[53,54]. Based on

Mn-Si-Al-Cu alloys have been selected in the project in order to dev
corrosion resistant shape memory alloys. The compositions are listed
of Fe-Mn-Si-Al-Cu alloys
Table 2.4 Thecompositions
<

Alloy

Mn (%)

Si (%)

Al(%)

Cu (%)

Fe

10#

28

6

1

1

Balance

11#

28

6

1

2

Balance

12#

28

6

1

3

Balance

13#

28

6

2

1

Balance

2.1.5 Fe-Mn-Si-Ni-Cu system

Although Cu improves the corrosion resistance of steels, it can impa

workability[55]. Ni not only improves the shape memory effect of allo

also overcomes the influence of Cu on the hot workability of alloys [

Mn-Si-Ni-Cu alloys, which are listed in Table 2.5, were designed bas
philosophy.
Table 2.5 TheDompositions of Fe-Mn-Si-Ni-Cu alloys

Alloy

Mn (%)

Si (%)

Ni (%)

Cu (%)

Fe

14#

28

6

0.5

1

Balance

15#

28

6

1

2

Balance

16#

28

6

1

3

Balance
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2.1.6 Fe-Mn-Si-Co-Cu system

It has been found that Co can improve the shape memory effect and hot workability of
Fe-Mn-Si based alloys[24,25]. In an attempt to obtain an alloy with

effect, good hot workability and corrosion resistance, three Fe-Mn-S
(Table 2.6) were prepared.
Table 2.6 The compositions
•
of Fe-Mn-Si-Co-Cu alloys

Alloy

Mn(%)

Si (%)

Co (%)

Cu (%)

Fe

17#

28

6

2

1

Balance

18#

28

6

2

2

Balance

19#

28

6

2

3

Balance

2.1.7 Fe-Mn-Si-Cr-Ni-Co system

For the purpose of investigating the effect of Co on the shape memor
Si-Cr-Ni alloy, the alloys listed in Table 2.7 were prepared.

Table 2.7 The compositions of Fe-Mn-Si-Cr-Ni-Co system

Alloy

Mn(%)

Si (%)

Cr (%)

Ni (%)

Co (%)

Fe

20#

13

5

10

6

2

Balance

21#

13

5

10

6

3

Balance

22#

13

5

10

6

4

Balance

2.1.8 Fe-Mn-Si-Cr-Cu system

Both Cr and Cu are beneficial for the corrosion resistance of Fe-Mndecreases the stacking fault energy of the austenitic matrix, which
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favourable for improving shape memory effect[22]. O n the other hand, C u is a austenite
forming element, which can act like Ni to some extent, and is a cheaper addition.
Therefore, eleven Fe-Mn-Si-Cr-Cu alloys (Table 2.8) were prepared.
Table 2.8 The compositions of Fe-Mn-Si-Cr-Cu alloys

Alloy

Mn(%)

Si (%)

Cr (%)

23#

26

6

5

Balance

24#

23

6

5

Balance

25#

20

6

5

Balance

26#

26

6

7

Balance

27#

23

6

7

Balance

28#

20

6

7

Balance

29#

26

6

10

Balance

30#

23

6

10

Balance

31#

20

6

10

Balance

32#

18

6

5

Balance

33#

18

6

7

Balance

C u (%)

Fe

2.1.9 Ni3Ti precipitation strengthened Fe-Mn-Si based alloys
It has been observed that the extent of shape memory in ferrous alloys is sensitive to the
following types of treatments of the parent phase: ausforming, cold working and
annealing, ordering, ausaging, solid solution strengthening and grain refinement. It is
therefore reasonable to conclude that the strength of austenite has a marked effect on
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the shape memory effect in ferrous alloys. The effectiveness of austenite strengthening in
improving transformation reversibility has also been demonstrated for other ferrous
alloys, notably Fe-Co-Ni-Ti alloys, which can be "ausaged" to form coherent Ni3Ti
precipitates and thus produce

a stiffened austenitic phase in which martensitic

transformation occurs with reduced hysteresis. In order to study the effect of
precipitation on the shape memory effect of Fe-Mn-Si based alloys, the following alloys
were prepared.

Table 2.9 The <compositions of Fe-Mn-Si-Ni-Ti alloys

Alloy

Mn(%)

Si (%)

Ni (%)

Ti (%)

Fe

34#

31

6

2.6

0.7

Balance

35#

31

6

2

0.55

Balance

Table 2.10 The compositions of Fe-Mn-Si-Cr-Ni-Ti alloys

Alloy

Mn(%)

Si (%)

Cr (%)

Ni (%)

Ti (%)

Fe

36#

13

5

10

8.6

0.7

Balance

37#

13

5

10

9.5

1

Balance

2.2 Experimental Procedure

2.2.1 Phase transformation characteristics
Phase transformation characteristics of Fe-Mn-Si based shape memory alloys which
undergo y<->£ transformation are usually represented by the phase transformation
temperatures, M s , A s and Af. These temperatures are highly correlated to the

microstructure, especially dislocation structures which directly affect the shape m e m o r y
effect of alloys. Phase transformation temperatures can change with grain size, thermal
cycling, thermomechanical training and quenching rate. Therefore, the thermal or
thermomechanical history of an alloy is expected to influence the microstructure and the
shape m e m o r y properties.

The measurement of phase transformation temperatures, temperature intervals and
temperature hysteresis was carried out using differential scanning calorimetry (DSC) and
thermomechanical analysis ( T M A ) .

2.2.2 Shape memory effect

Shape memory effect is the most important property of shape memory alloys. In order to
assess the shape memory, a bending test was adopted because it provided a simple and
effective method for quantifying the shape m e m o r y effect.

In the thermomechanical training process, tensile tests were employed in measuring the
shape m e m o r y effect, as this method also allows more accurate control of the prestrain.

2.2.3 Mechanical properties
To obtain good shape memory effect, it is important to increase the stress for slip
deformation and lower the stress for forming £ martensite. Both critical stresses are
markedly affected by thermomechanical training, pre-annealing, thermal cycling, etc.
Therefore, the effect of these processes on the critical stress was investigated. In these
experiments, the temperature dependence of yield stress was determined for different
conditions.

2.2.4 Corrosion resistance

The corrosion resistance of Fe-Mn-Si ternary alloys is poor. As mentioned previously,
Fe-Mn-Si-Cr-Cu, Fe-Mn-Si-Al-Cu and Fe-Mn-Si-Cr-Ni-Cu alloys have been designed

for obtaining good corrosion resistance. The corrosion testing was based on comparison
with 304 stainless steel and an Fe-Mn-Si-Cr-Ni alloy.
2.2.5 Thermomechanical training

It has been reported[8,27,28,29,36,39,41,49,50,51] that thermomechanical training can

significantiy improve the shape memory effect of Fe-Mn-Si based alloys. In order to fin
optimum training conditions and to investigate the training mechanism, a series of
training tests were designed to study the effect of:
(1) training cycles on shape memory effect,
(2) recovery annealing temperature on shape memory effect,
(3) amount of pre-strain on shape memory effect, and
(4) strain rate on shape memory effect.
Detailed and extensive information, such as recovered strain, permanent strain,
transformation temperature and yield stress can be obtained from training procedures.

2.2.6 Microstructure

The microstructure (dislocation structure, martensite morphology and distribution, etc
of Fe-Mn-Si based shape memory alloys is critical to shape memory effect. Some
methods for improving shape memory effect can be explained using microstructural
analysis. Therefore, observations of microstructure were conducted to elucidate:

(1) the general structure of alloys,
(2) the effect of thermomechanical training on microstructure,

(3) the structure after annealing at different temperatures, and

(4) the surface morphology after corrosion testing.
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Optical and electron microscopy were employed for microstructural examination.
2.3 Experimental techniques
2.3.1 Alloy preparation

During the first step of selecting alloys with good shape memory, alloys were prep
by arc melting using high purity materials. Ingots of lOg mass were homogenized at

1373K for 48 hours in evacuated quartz capsules. Hot rolling was carried out at 132
to obtain 1 mm thick strips for bending and corrosion tests.

The alloys selected for more detailed research were prepared by vacuum induction

melting and casting of 6 kg ingots. In order to reduce dendritic segregation, a sla
of cast iron was used, Figure 2.1. Solidification occurred very rapidly with this
The compositions of selected alloys are listed in Table 2.13.
Table 2.13 The compositions of se ected alloys

Alloy

C

Mn

Si

Cr

Ni

Cu

P

S

Fe

1#

0.035

28.40

6.20

0.01

0.01

0.01

0.005

0.005

Bal.

6#

0.01

13.00

4.90

10.00

5.60

0.003

0.008

0.007

Bal.

7#

0.013

13.20

4.90

10.20

5.90

0.99

0.008

0.004

Bal.

10#

0.044

28.50

6.00

0.02

0.01

1.00

0.01

0.011

Bal.

25#

0.007

19.60

5.70 | 4.50

0.02

1.00

0.007

0.003

Bal.

28#

0.005

20.40

5.60

0.02

0.97

0.007

0.004

Bal.

7.30

Al

0.50

100 mm
20 mm
L.

Z.

y
200 mm

Figure 2.1 The schematic drawing of slab casting mould
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2.3.2 Heat treatment

All of the specimens after hot rolling and machining were solution treated at temperatures
from 6 7 3 K to 1273K in order to eliminate the influence of machining and to produce
single phase y. High purity argon gas was purged into the furnace to prevent oxidation.
In some cases ( high temperature or long duration ), the specimens were sealed in
evacuated quartz tubes before heat treatment.

2.3.3 Hot rolling
From previous experience, the hot deformation resistance of Fe-Mn-Si based shape
m e m o r y alloys is very high compared with general carbon steels. O n the other hand, the
crack tendency increased with increasing rolling temperature above 1323K. Therefore,
the slab ingots with 20 m m thickness were rolled at 1323K, with a reduction of about 57 % per pass to obtain 6 m m thick plate.
2.3.4 Measurement of phase transformation temperatures

The investigation of the As, Af and Ms temperatures was carried out using differenti
scanning calorimetry (Mettler D S C 3 0 ) and a thermomechanical analyser (Mettler T M A
40).
DSC samples of about 20 mg mass were sealed in a standard aluminium pan with a lid
prior to being placed into the furnace. A n empty reference aluminium pan was placed in
an adjacent position in the furnace. Both pans were placed on the furnace base which
was connected with several pairs of microthermocouples. The data on heat flow relative
to the reference were automatically recorded by the central computer (Mettler T A 3 0 0 0 )
as a function of temperature. A dot matrix printer plotted the D S C curve either on-line or
subsequent to the test. In this study, the heating and cooling rates for D S C calibration
and measurement were 10 K/min. High purity lead, zinc and indium were used in
calibration of the D S C temperature measurement. The precision of temperature control
was + 0.2°C and the cooling medium was liquid nitrogen.

A typical D S C curve is shown in Figure 2.2. The peaks correspond to the forward and
reverse phase transformations. In the case of martensitic transformation, the heat

peaks are relatively broad. Conventionally, the start and end points of the deviati

the base line of the DSC curve are respectively regarded as the Ms and Mf temperatur
when cooling, or as the As and Af temperature when heating. This method was
employed in the present study.

The TMA samples were about 1 mm thick, and the two surfaces of the sample that come

into contact with the quartz sample support and measuring probe were as nearly para
as possible. The heating rate was 10 K/min, and the constant probe force was 0.2 N,
which is recommended for hard samples. Argon gas was purged into the furnace to
avoid oxidation of the sample.

A typical TMA curve for austenitic transformation in Fe-Mn-Si based alloys is shown

Figure 2.3, in which the length extension is plotted against temperature. The start

end points of the deviation from the simple extension line (linear line) are regard
the As and Af temperatures.
2.3.5 Bending tests

Bending tests were used as an effective and relatively simple way of characterizing
memory behavior. In the present study, 1 mm thick strips were bent at room

temperature, and heated up to 873K for 10 minutes to allow the original shape, or pa
thereof, to be regained.
By comparing the amount of initial deformation with the amount of strain remaining

(residual strain) after reverse transformation, a measure of the degree of shape me

can be obtained, as illustrated in Figure 2.4. The formula used to link bend radius
strain was:
strain = [2(R/h)+\yl

heating
!
> .9
cooling

CO o

« X

Sfl w

y/Temperature (~C)

Figure 2.2 Schematic differential scanning calorimeter profiles for martensitic and
austenitic transformations

.9
M

w

Temperature ("C)

Fgiure 2.3 Typical T M A curve for reverse transformation to austenite

sample

i
bending force

Figure 2.4 Schematic drawing of the equipment constructed for bend testing.

where h is the sample thickness and R the bend radius of the sample. This equation was
used to provide an accurate determination of the strains produced by bending.
For the set-up in Figure 2.4, the pre-strain is:
Pre-strain = [2(Ri/h)+l]-1

where Ri is the radius of curvature of the sample after the pre-strain.
and the residual strain is:

Residual strain = [2(R2/h)+l]-l

where Ri is the radius of curvature of the sample after recovery heating (Figure 2.5).
Thus the shape recovery ratio can be evaluated by means of the following formula:
Recovery ratio (%) = [1-(residual strain/pre-strain)]X100%
2.3.6 Tensile tests
The samples for tensile testing were machined according to the specification given in

Figure 2.6. Tensile tests were carried out using an Instron 4302 universal test machi
The machine was equipped with a data acquisition system which consisted of a data
access cable, IBM compatible PC, a X-Y chart recorder and a dot matrix printer.
Installed software recorded test data and parameters, such as loading force, plotting
range and extension. A furnace with a range of 200K to 523K was used for tensile
testing at different temperature. A low cross-head speed of 0.2mm/min was applied for
general testing.
The shape memory effect was measured with the procedure shown in Figure 2.7. Two
indentations were made on the surface of the specimen by using a Vickers hardness
tester before the tensile test. The distance between the two indentations (Ln) was
precisely measured using a horizontal travelling microscope. L0 was usually set to 40

Figure 2.5 Schematic drawing showing the method used for measuring the bend radius of a
sample after recovery heating.

Lo = 40mm

l
T

d = 3mm

Figure 2.6 The specification of round bar tensile test sample
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(b)
Figure 2.7 The evaluation of shape m e m o r y effect, (a) after straining, (b) after recovery
annealing. Shape memory effect is given by (Li-L2)/(Li-Lo)X100 in %.

m m . Li and L 2 are the gauge lengths after pre-straining and recovery annealing,
respectively. The pre-strain is represented by the following formula:

Pre-strain = (Li-Lo)/Ln
The residual strain (unrecovered strain) is:

Residual strain = (L2-Lo)/Ln
Therefore, the recovery ratio is:

Recovery ratio (%) = [1-(residual strain/pre-strain)]X100%
= (Li-L2)/(Li-L0)X100%
2.3.7 Hardness tests

Hardness measurements were performed using a Vickers hardness tester with a test load
of

5 kg. The m e a n hardness value was obtained by averaging five hardness

measurements for each sample.
2.3.8 X-ray diffraction
X-ray diffraction was performed with an X-ray diffractometer ( Philips ), using flat
rectangular specimens. The surfaces of specimens were electrolytically polished. The
target material and P filter were selected as C o and Fe, respectively. The tube voltage and
loading current were 30 k V and 11.7 m A , respectively. The scanning speed was 17min.
The integrated intensities of (200)y and (1011)£ were used to characterize the volume
fraction of y and £ phase, respectively.

2.3.9 Corrosion tests

2.3.9.1 Immersion corrosion test
The samples for the immersion corrosion test were prepared according to ASTM Gl90 [57]. The samples were ground using silicon carbide paper to produce a 1200 grit

finish. All corners and edges were rounded off and any burrs were removed during the
grinding process. The samples were decontaminated with methanol and dried with hot

air, then weighed to the nearest 0.1 mg immediately prior to testing. The test tem
was 25 °C. The corrosion media were chosen as follows:
(1) hydrochloric acid: 5%, 10%, 15%, 20%
(2) sulfuric acid: 5%, 10%, 15%, 20%
(3) NaCl water solution: 3.5%
(4) tap water

Reagent grade chemicals and distilled water were used in all tests except the test
water. In this study, the samples were immersed in the medium for 4 hours, then

removed from the test solution, rinsed and scrubbed with a nylon bristle brush unde
running water and finally immersed in methanol and dried thoroughly. When dry, the
samples were re-weighed to O.lmg. The corrosion rate was obtained as follows:
Corrosion rate (g/m2hr) = W/(4A)

where:
W = mass loss in grams, and
A = area in m2
The corrosion test in tap water was assessed by the extent of rusting.

2.3.9.2 Potentiostatic anodic polarization measurements

The potentiostat used in this study was an AMEL Model 553. The potentiostat had the
function of incrementing the voltage whilst measuring the current response of the
cell. The test was performed according to ASTM G5-87[58]. The potential was

incremented 50 mV every 5 minutes, recording the current at the end of each 5 minut

period at potential. A saturated calomel electrode (SCE) was used as the reference. The
solution was 1.0 N H 2 S 0 4 from A.C.S. reagent grade acid and distilled water. The test
temperature was controlled at 30°C. The edges of the sample were coated with Amercoat
90 before the test, as shown in Figure 2.8. Amercoat 90 is a phenolic resin with a
constant ratio of resin/curing agent. It has good adherence to the test sample and has
good resistance to crevice corrosion.
2.3.10 Microscopy

2.3.10.1 Optical microscopy

The microstructure was examined and photographed using a Nikon Optiphot
metallurgical microscope. The samples were cold-mounted using epoxy resin. Because
the M s temperatures of the most alloys are around room temperature, £ martensite is
easily induced by grinding and mechanical polishing. In order to eliminate this effect,
samples were electrolytically polished after gently grinding with silicon carbide paper of
grade 1200. The electrolyte had the following composition:

10% perchloric acid

90% 2-butoxyethanol

The solution is relatively viscous, and in some cases, the addition of 0.5% distilled
improved the polishing. The polishing voltage was 30-40V. After polishing, samples
were etched in a solution of 1.2% K 2 S 2 0 s and 0.5% N H 4 H F 2 i n distilled water.
2.3.10.2 Transmission electron microscopy

The detailed microstructure, such as dislocation structure and the internal structur
martensite, was examined by transmission electron microscopy. The samples were
mechanically thinned using silicon carbide paper of grade 1200 to reduce the thickness to
lOOum. Then they were electropolished using a Struers twin jet polisher ( T E N U P O L - 2
) in a solution of 1 0 % perchloric acid and 9 0 % acetic acid. The electropolishing voltage

Amercoat 90

sample surface

Figure 2.8 The schematic drawing of the sample for the potentiostatic test.

was 50V, at room temperature. The observations were carried out on a J E O L 2000FX
transmission electron microscope operating at 200kV.

2.3.10.3 Scanning electron microscopy
The surfaces of the samples after corrosion testing were examined using scanning
electron microscopy, operating at 20kV. A Hitachi S450 scanning electron microscope
was employed in the study. In some cases, the samples for optical microscopy were
observed by scanning electron microscopy in order to study £ martensite in more detail.

**********************************************************************

Chapter 3 Shape memory effect
**********************************************************************

3.1 Results
3.1.1 Phase transformation temperatures

The phase transformation temperatures, Ms, As and Af are important parameters for F
Mn-Si based shape memory alloys, particularly the Ms temperature, which should be

around room temperature. Phase transformation temperatures are largely influenced b

the microstmcture, and since annealing at high temperature and pre-strain will chan

austenite structure, the effects of annealing temperature and amount of prestrain o
transformation temperatures have been studied in the present work.
3.1.1.1 The effect of annealing temperature on transformation temperatures

The samples were annealed after hot rolling at temperatures from 673K to 1273K for

30 minutes. The Ms temperature was measured in the as annealed condition, while the

and Af temperatures were measured after 4% pre-strain at room temperature. Figure 3

shows the changes in Ms, As and Af with annealing conditions. It can be seen that t
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Figure 3.1 The effect of annealing on the phase transformation temperatures of alloys 1#,6#
and 28#. Alloy 1# Fe-28Mn-6.2Si
Alloy 6#
Fe-13Mn-4.9Si-10Cr-5.6Ni
Alloy 28#
Fe-20.4Mn-5.6Si-7.3Cr-0.97Cu
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results for the three selected alloys (1#, 6# and 28#) are similar. With increasing
annealing temperature, M s temperatures slightly increased, while the A s and A f
temperatures decreased by about 1 0 K to 30K. In the other words, the thermal hysteresis
AT(Af-Ms) decreased with increasing annealing temperature.

3.1.1.2 The effect of pre-strain on transformation temperatures
In Fe-Mn-Si based shape memory alloys, y->£ transformation will occur during prestraining under the applied stress, and the amount of stress induced £ martensite is related
to the pre-strain[36]. The amount the stress induced £ martensite increases with
increasing pre-strain, and the stress required for the formation of n e w martensitic plates
also increases during pre-straining. Figure 3.2 shows the changes in A s and A f
temperatures with increasing the amount of pre-strain for samples annealed at 873K for
30 minutes. It can be seen that the A s temperatures of the three alloys (1#, 6# and 28#)
remained nearly constant with increasing pre-strain, whereas the A f temperatures
markedly increased. B y raising pre-strain from 2 % to 1 5 % , the A f temperature increased
by more than 70K. W h e n the pre-strain was less than 8 % , the increase in A f temperature
is very obvious; and w h e n the pre-strain was larger than 8 % , the A f temperature
approached a saturation value. The gap between A s and A f (Af-As) became wider with
increasing pre-strain, which suggests that the driving force needed for the reverse
transformation is significantly increased.
3.1.2 Bending tests
Bend testing was considered to be an effective and relatively simple method to
characterize the shape m e m o r y effect. In the present study, bending tests were used to
select alloys with good shape m e m o r y effect, as well as the optimal annealing
temperature.

800

800

Strain (%)

Strain (%)

800

700-

W
<u 600(U

I

500-

H
400

300

Strain (%)

Figure 3.2 The effect of pre-strain on the reverse transformation temperatures determined

by TMA.

3.1.2.1 Fe-Mn-Si and Fe-Mn-Si-Cr-Ni shape m e m o r y alloys

Fe-Mn-Si and Fe-Mn-Si-Cr-Ni alloys are two of the traditional iron based shape memory
alloys based on the y <-> £ transformation. Six different alloys (two Fe-Mn-Si alloys and
four Fe-Mn-Si-Cr-Ni alloys) were selected as reference alloys.

It has been reported that variation in the annealing conditions has a strong influenc
the shape m e m o r y effect by the reversing existing £ martensite (from rolling or
machining) and changing the microstructure of the parent phase, especially the dislocation
and stacking fault structure[36,45]. Figure 3.3 shows the effect of changing the
annealing temperature (annealing duration of 30 minutes) and bending strain on the
recovery ratio for two Fe-Mn-Si alloys (1# and 2#). The annealing temperature has only
a relatively minor influence on the shape m e m o r y effect over the selected temperature
range (673 tol273K). However, it can be concluded from these curves that the best
shape m e m o r y effect can be obtained when the annealing temperature is about 873K.
Figure 3.4 shows similar results for Fe-Mn-Si-Cr-Ni alloys, except that the shape
m e m o r y effect of the selected Fe-Mn-Si-Cr-Ni alloys is m u c h higher than that of Fe-MnSi ternary alloys. The optimum annealing temperature is also about 873K. This result
suggests that the microstructure of parent phase created by annealing at 873K is beneficial
for y<->£ transformation.

3.1.2.2 The new shape memory alloys
The effect of annealing temperature on shape memory effect of alloys developed in the
course of this work is similar to the results for the Fe-Mn-Si and Fe-Mn-Si-Cr-Ni alloys.
Therefore, the results for bending tests at 8 7 3 K for 30min were used to compare the
shape m e m o r y capacity to the new alloys.
Figure 3.5 shows the changes of shape memory effect with increasing bending strain in
Fe-Mn-Si-Cr-Ni-Cu alloys (7#-9#) which were developed based on alloy 6#. Alloy 9#,
which contains 3 % Cu, showed significant cracking after hot rolling, because the C u
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gure 3.3 The shape m e m o r y effect at different annealing temperature for alloys 1# and 2#.
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Figure 3.5 The shape memory effect of alloys 7# and 8# (6# is the reference alloy)
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promotes hot-short cracking. It is clear from Figure 3.5 that the shape memory effect of
alloy 7# ( 1 % C u content), which showed good hot workability, is very close to that of
alloys 6#. However, the shape memory effect of alloy 8# ( 2 % C u content) is reduced by
a small amount. Therefore, an appropriate C u content for Fe-Mn-Si-Cr-Ni alloys is
about 1%.

Fe-Mn-Si-Al-Cu alloys were also developed from Fe-Mn-Si ternary alloys, and the sh
memory effect measurements are given in Figure 3.6, which shows that alloy 10# ( with
1 % Al and 1 % Cu) has the best shape memory effect. The results for alloys 1# and 2# are
plotted as references. It can be concluded that alloying with Al (<2%) and C u (-1%) can
markedly improve the shape m e m o r y effect of Fe-Mn-Si ternary alloys. The ingot of
alloy 12# ( with 3 % C u content ) fractured during hot rolling, because the high C u
content impairs the hot workability of the alloy.
Because Cu can cause hot short cracking, Ni and Co were added to improve the hot
workability. T w o alloys system were developed based on this idea: Fe-Mn-Si-Ni-Cu and
Fe-Mn-Si-Co-Cu, respectively. However, hot short cracking still occurred during hot
rolling when C u content was increased up to 3 % (alloys 16# and 19#). Figure 3.7 shows
the shape memory effect of the new alloys. It is seen that the shape memory effect of the
alloys with 1 % C u (alloys 14# and 17#) has been improved to some extent, whereas the
shape m e m o r y capacities of the alloys with 2 % C u (15# and 18#) are close to those of
Fe-Mn-Si ternary alloys.
Figure 3.8 gives the shape memory effect of another newly developed alloy system,
Mn-Si-Cr-Ni-Co alloys (alloys 20#, 21# and 22#). The purpose of this experiment was
to investigate the effect of C o content (up to 4%) on the shape memory effect of Fe-MnSi-Cr-Ni alloys. It can be seen that the addition of C o does not produce any improvement
in shape memory effect.

In order to improve the corrosion resistance of Fe-Mn-Si ternary alloys, Fe-Mn-Sialloys have been developed. The n e w alloys can be divided in to three types, 5Cr type,

100

10#

t$
-ffl-

n#

S-i

13#
>
O

1#
---*--

2

2#

4

Bending strain (%)

Figure 3.6 The shape memory effect of alloys 10#, 11# and 13# (1# and 2# are reference
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Figure 3.7 The shape memory effect of Fe-Mn-Si-Ni-Cu and Fe-Mn-Si-Co-Cu alloys.
Alloy 14#
Fe-28Mn-6Si-0.5Ni-lCu
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Alloy 17#
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7Cr type and lOCr type, meaning that the Cr contents are 5 % , 7 % and 1 0 % . The C u
content is 1%. The shape m e m o r y capacities of alloys were again measured by bending
tests.

Figure 3.9 gives the changes of recovery ratio of 5Cr type alloys as a function of b
strain. It is evident that the shape m e m o r y effect of 5Cr type Fe-Mn-Si-Cr-Cu alloys
does not change significantly when M n content varies from 1 8 % to 2 6 % . Alloys 25# and
32# have relatively good shape memory effect.

When Cr content increases to 7%, the effect of changing the Mn content becomes more
marked. Figure 3.10 shows the shape memory effect of 7Cr type alloys, which indicates
that alloy 28# exhibits the best shape memory effect.
For lOCr type Fe-Mn-Si-Cr-Cu alloys, with Mn contents down to 20%, a large amount
of ferrite forms in the alloys, which become very brittle. A possible explanation is that the
solubility of C u in ferrite is very low, and precipitation of C u causes embrittlement.
A m o n g the selected lOCr type alloys, alloy 30# shows the best shape memory effect, as
illustrated in Figure 3.11.
During the alloy selection phase of the work, many alloys with good shape memory
capacities were found. O n this basis, alloys 7#, 10#, 25# and 28# were selected for
further investigation with alloys 1# and 6# being used as reference alloys.
3.1.3 Metallographic observation
Because the transformation behaviours and microstructures of Fe-Mn-Si based shape
m e m o r y alloys are similar, alloys 6# and 28# were selected for detailed study of the
microstmcture.

3.1.3.1 Optical microscopy

The microstructures of alloy 28# specimens after annealing at different temperatures
checked by optical microscopy, and photomicrographs are shown in Figure 3.12. With
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Figure 3.10 The shape memory effect of 7Cr type Fe-Mn-Si-Cr-Cu alloys.
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Figure 3.11 The shape memory effect of lOCr type Fe-Mn-Si-Cr-Cu alloys.
Alloy 29#
Fe-26Mn-6Si-1 OCr-1 C u
Alloy 30#
Fe-23Mn-6Si-1 OCr-1 Cu
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Figure 3.8 The shape memory effect of Fe-Mn-Si-Cr-Ni-Co alloys.
Alloy 20#
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Figure 3.9 The shape memory effect of 5Cr type Fe-Mn-Si-Cr-Cu alloys
Alloy 23#
Fe-26Mn-6Si-5Cr-1 C u
Alloy 24#
Fe-23Mn-6Si-5Cr-lCu
Alloy 25#
Fe-20Mn-6Si-5Cr-lCu
Alloy 32#
Fe-18Mn-6Si-5Cr-1 Cu

Figure 3.12 The effect of annealing temperature on the microstructures of alloy 28#.

(a) hot rolled, (b) 873K, 30min, (c) 1073K, 30min, and (d) 1273K, 30min
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increasing annealing temperature up to 1273K, the austenite grain size remained nearly
constant. However, the amount of thermal martensite increased, as the M s temperature
was increased by raising the annealing temperature.

The shape memory effect of Fe-Mn-Si based shape memory alloys varies with annealing
temperature. The annealing process must affect stress induced y->£ transformation, as the
shape m e m o r y effect is associated with this transformation.

A tensile strain of 4% was employed to investigate the effect of annealing temperature o
the morphology of stress induced £ martensite. The shape recovery ratio is illustrated in
Figure 3.13. T h e shape m e m o r y effect slightly increased with increasing annealing
temperature up to 873K, then decreased dramatically. The best shape m e m o r y effect was
obtained by annealing at 873K. Micrographs of alloys 6# and 8# after annealing at
different temperatures following 4 % tensile deformation at room temperature are shown
in Figure 3.14 and Figure 3.15, respectively. T w o effects can be identified by checking
the microstructure carefully. First, the size of the £ martensite plates increased with
increasing annealing temperature, suggesting that the density of the dislocation structures
which are involved in £ martensite nucleation was reduced through dislocation reactions
and annihilation at high temperature. Stress induced y—>£ transformation proceeded by
the growth of the existing £ martensite plates rather than the formation of n e w £
martensite plates. Secondly, the distortion of the £ martensite plate decreased with
increasing annealing temperature. This m a y be explained on the basis that the relief of
residual internal stress is greater with increasing annealing temperature, with a
subsequent effect on stress induced y—> £ transformation.

3.1.3.2 Electron microscopy of parent phase
In order to study the effect of annealing temperature on shape memory effect, the
microstructure of the parent phase and the stress induced martensite were examined in
detail by transmission microscopy.
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Figure 3.13 The shape recovery ratio of 4 % tensile strain for different annealing
temperatures. (6# and 28#)
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Figure 3.14 The effect of annealing temperature on the morphology of stress indu
martensite (4% strain) in alloy 6#
(a) hot rolled, (b) 873K, 30min, (c) 1073K, 30min, and (d) 1273K, 30min
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Figure 3.15 The effect of annealing temperature on the morphology of stress induced
martensite (4% strain) in alloy 28#
(a) hot rolled, (b) 873K, 30min, (c) 1073K, 30min, and (d) 1273K, 30min
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Defect density (such as dislocation, vacancies) and configuration (such as intersection of
stacking faults, dislocation tangles) vary with changing annealing conditions. The
microstructures of alloys 6# and 28# annealed at different temperature are shown in
Figure 3.16 and Figure 3.17, respectively. Qualitative observations indicated that the
dislocation density was low w h e n the annealing temperature was high, and that stacking
faults were usually in a single variant. O n the contrary, the dislocation density was higher
w h e n the annealing temperature was low, and the intersection of stacking faults became a
dominant feature. Based on the analysis of electron diffraction patterns and the
morphology of the stacking faults, it was found that stacking faults can be oriented in one
of the 12 {111} < 1 1 2 > F C C system. The stacking fault energy of Fe-Mn-Si based shape
m e m o r y alloys is very low (see section 1.3), and perfect dislocations can easily split into
two 1/6<112> partial edge dislocations, which form stacking faults by extending on the
(Hl)fcc plane along the < 1 1 0 > f c c direction. In order to reduce interface energy, the
stacking fault usually extends in one direction, however, it can extend in other <110>f c c
directions w h e n barriers occur.

3.1.3.3 Electron microscopy of martensite
Figure 3.18 and Figure 3.19 show the £ martensite morphologies for different annealing
conditions for alloys 6# and 28# after 4 % strain. It was also found that £ martensite is
oriented in {111 }<112>f c c , confirming that y—>e transformation is highly related to the
stacking faults. The scale of the stress induced martensite plates became larger w h e n the
annealing temperature w a s raised above 1073K. For reverse transformation of a large
martensite plate, the resistance of transformation is likely to be greater because of plastic
accommodation surrounding the plate, leading to the degradation of shape m e m o r y effect.
The reason for the development of large size martensite plates could be that the density of
nucleation sites is reduced on high temperature annealing and, therefore, y—>e martensitic
transformation tends to occur with the growth of existing martensite plates rather than the
formation of n e w martensite plates, resulting in the coarser martensite structure.
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Figure 3.16 The effect of annealing temperature on the microstructure of the parent
phase in alloy 6#
(a) hot rolled, (b) 873K, 30min, (c) 1073K, 30min, and (d) 1273K, 30min
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Figure 3.17 The effect of annealing temperature on the microstructure of the par
phase in alloy 28#

(a) hot rolled, (b) 873K, 30min, (c) 1073K, 30min, and (d) 1273K, 30min
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Figure 3.18 The effect of annealing temperature on the morphology of stress ind
martensite in 6# alloy (4% strain, TEM observation)
(a) hot rolled, (b) 873K, 30min, (c) 1073K, 30min, and (d) 1273K, 30min
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Figure 3.19 The effect of annealing temperature on the morphology of stress induced
martensite in 28# alloy (4% strain, TEM observation)

(a) hot rolled, (b) 873K, 30min, (c) 1073K, 30min, and (d) 1273K, 30min

3.2 Discussion

3.2.1 Transformation behaviour and mechanism of y o £ transformation

The shape memory effect of Fe-Mn-Si based shape memory alloys is associated with
Y(fcc)<^e(hcp) phase transformation. The stacking sequences of close packed plane for
fee and hep phases are A B C A B C A B C A B C

and A B A B A B A B A B

,

respectively. Therefore, the transformation involves a rearrangement of the close packed
plane (lll)fcc- The stacking fault energy is very low in this kind of alloy, and the
stacking fault is a major defect in the fee parent phase, and can provide the embryos for £
phase, for example:
ABCABCABCABCABC (fee)
ABCABABCABCABCA (stacking fault)
hep embryo

The overlapping of this kind of structure can form bulk hep phase - £ martensit
the investigation, it was found that the overlapping of stacking faults was a common
feature (Figures 3.16 and 3.17). This is a simple and easy way to form £ martensite
minor structural and energy changes. Because both fee and hep are close packed
structures with different stacking sequences, with free energy differences of a similar
level to stacking fault energy, which is very low. Therefore, the orientation relationship
of parent phase and martensite should be {111 }fcc//{0001 }hcp, <110>fcc//<l 120>hcp,
which is schematically shown in Figure 3.20. This result was confirmed by electron
diffraction. By observing £ martensite plates in detail, it was found there was a "band"
structure in the martensite plates, which suggests that the overlapping of stacking faults is
not homogeneous, i.e. there are some stacking faults within the £ martensite. These
stacking faults may act as the y embryos during the £->y reverse transformation. Figure
3.21 clearly shows an irregular sequence of stacking faults. So, the nature of y—>£

Figure 3.20 Schematic drawing showing the orientation relationship between £ martensite
and austenite.

lOOnm

Figure 3.21 Edge-on observation of overlapping of stacking faults
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transformation is likely to be that £ martensite nucleates from stacking faults, and grows
by overlapping of stacking faults. The reverse transformation (£->y) is associated with
reverse m o v e m e n t of Shockley partial dislocations. Because the M s temperatures of
selected alloys are near room temperature, atoms in the parent phase are in the activated
state at r o o m temperature, a small energy fluctuation could result atomic displacements.
The m o v e m e n t of Shockley partial dislocations was observed by transmission electron
microscopy due to the extra thermal energy induced by the electron b e a m (Figure 3.22).
The results of the current research support the hypothesis that y-»£ transformation in FeMn-Si based shape m e m o r y alloys occurs by the overlapping stacking fault mechanism.
Reverse motion of stacking faults on heating leads to reversion to the parent phase,
allowing shape m e m o r y to take place.
3.2.2 The effect of annealing on shape memory effect

The shape memory effect of Fe-Mn-Si based shape memory alloys varies with changing
annealing conditions. This means that annealing must affect y<->£ transformation. F r o m
optical microscopy, it was found that although there was no obvious change in grain size,
the size of the stress induced £ martensite increased with increasing annealing
temperature. In contrast, electron microscopy showed that the dislocation density
decreased with increasing annealing temperature. Based on these results, the effect of
annealing temperature on shape m e m o r y effect can be explained as follows:
(1) the effect of annealing temperature on stress induced y—»£ transformation

The formation of £ martensite is highly related to stacking faults. The regular arrang
of dislocations and partial dislocations is beneficial for the nucleation and growth of £
martensite. However, some complex defects, such as dislocation jogs, kinks, vacancy
clusters, etc., m a y retard the splitting of perfect dislocations and the movement of partial
dislocations, reducing the amount of stress-induced martensite. After appropriate
annealing, the numbers of complex defects decrease through "non-conservative motion"
(such as climb) caused by thermal activation, making stress-induced y->£ transformation

(a)

(b)
lOOnm

Figure 3.22 The T E M observation of the movement of Shockley partials

(a) original structure, (b) after illuminating under electron beam for 5 min.
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easier. W h e n the annealing temperature is too high, the numbers of defects which are
favourable for y—»£ transformation will be reduced, and the strength of the parent phase
will decrease (see Chapter 5). Thus, the tendency for slip deformation will be enhanced,
leading to the degradation of the shape m e m o r y effect.
(2) the effect of annealing temperature on £—yy reverse transformation
The shape recovery process is associated with £—>y reverse transformation. From both
the optical and electron microscopic results, it is evident that the size of the martensite
plates is large w h e n the annealing temperature is high. The size of the plate will determine
the magnitude of the plastic accommodation strain surrounding the plate and therefore
resistance to reverse transformation should increase with increasing size of the martensite
plate.

Based on the experimental data, it can be seen that the optimal annealing temperature i
about 873K.

**********************************************************************

Chapter 4 T h e effect of precipitation o n shape m e m o r y effect
**********************************************************************

4.1 Results

4.1.1 Introduction

It has been reported[l-5, 7-13, 36, 40, 59-61] that strengthening of the austenitic ma

is beneficial for shape memory effect in ferrous shape memory alloys. The strengthenin
methods include ausforming, cold working and annealing, ordering and ausaging. For

example, the ordering of the austenite in Fe-Pt alloys exerts a profound effect on the

martensitic transformation, with a transition from thick plate to thin plate martensi

significant decrease in transformation temperature[60]. The thin plate martensite beha

thermoelastically and shows a small transformation hysteresis. One of the several fact
which is likely to contribute to the enhanced transformation reversibility and the

associated shape memory behavior is a significant increase in the flow strength of the

austenite as a result of ordering. The stiffened parent phase is more able to accommo
transformation strains elastically, leading to the maintenance of a coherent or
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semicoherent martensite/austenite interface which can m o v e freely in either the forward or
reverse directions with small stress or temperature changes.

The effectiveness of austenite strengthening in improving transformation reversibilit
also been demonstrated for other ferrous alloys, notably Fe-Co-Ni-Ti alloys, which can
be "ausaged" to form coherent Ni 3 Ti precipitates and thus produce a stiffened austenitic
phase in which martensitic transformation occurs with reduced hysteresis. Thermalmechanical training schedules which condition the austenite defect structure have also
proved useful in promoting shape recovery in Fe-Mn-Si alloys. The addition of
substantial amounts of interstitial carbon to these alloys has also provided a potent means
for strengthening the austenite and appears, surprisingly, to be effective under certain
conditions in promoting shape m e m o r y behavior. Furthermore, Kajiwara[l] has reported
nearly complete shape m e m o r y associated with thin plate martensite in an Fe-31%Ni0.4%C alloy, following austenite strengthening by ausforming.
This chapter considers the effect of precipitation strengthening of austenite on the
m e m o r y effect of Fe-Mn-Si based shape m e m o r y alloys.
4.1.2 Shape memory effect

A bending test was used to characterise the shape memory effect in the alloys studied.
The samples were solution treated at 1473K for 1 hour, and quenched into hot water
(about 353K) to avoid the formation of thermal martensite. Then the samples were aged
at 773 K followed by quenching into hot water. Figure 4.1 shows the schematic diagram
for the ageing procedure. Transmission electron microscopy observation revealed the
present of Ni3Ti precipitation in the relevant alloys, Figure 4.2 shows the morphologies
of the precipitates. Figure 4.3 and Figure 4.4 show results for the reference alloys (2#
and 6#) and alloys (34#, 35#, 36# and 37#) in which precipitation of y'-Ni3Ti was
obtained by ausaging. T o determine the effect of precipitation, the same heat treatment
was used for both sets of alloys (Fe-Mn-Si and Fe-Mn-Si-Cr-Ni based alloys). Figure
4.3 and Figure 4.4 indicate that the recovery strains were lower in the presence of

1473K

1
to

H
353K, hot water

Time

Figure 4.1 Schematic diagram showing the ageing procedure
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Figure 4.2 TEM micrograph showing Ni3Ti precipitates in Alloy 37# (specimen aged
773K for 0.5 hour).
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Figure 4.3 The effect of precipitation on the shape memory effect of (a) Fe-Mn-Si based
and (b) Fe-Mn-Si-Cr-Ni based shape memory alloys.

Aging condition: 773K, 30 minutes.
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Figure 4.4 The effect of precipitation on the shape memory effect of (a) Fe-Mn-Si based
and (b) Fe-Mn-Si-Cr-Ni based shape memory alloys.

Aging condition: 773K, 60 minutes.

precipitates, i.e. that precipitation degrades the shape m e m o r y effect. It should be
mentioned that the shape m e m o r y capacity of solution treated samples (alloys 34#, 35#,
36#, 37#) is very close to their reference alloys (alloys 1# and 6#).
4.1.3 Transformation behaviour

The effect of precipitation on the shape memory effect may be explained in terms of the
following three factors:
(1) y—»£ transformation temperature,

(2) the amounts of stress induced £ martensite and residual austenite after
deformation, and
(3) the interaction of precipitates and Shockley partial dislocations.
4.1.3.1 The effect of precipitation on phase transformation temperature

The hot rolled alloys were solution treated at 1472K for 1 hour, and the Ms temperature
are listed in Table 4.1. The M s temperatures of the solution treated alloys were measured
by D S C , but in order to reverse any existing £ martensite whilst preventing ageing, the
samples were rapidly heated up to 5 7 3 K and then cooled to 3 7 3 K at 50K/min. The M s
temperatures were obtained by scanning the heat flow from 3 7 3 K to 2 2 3 K at lOk/min. It
is evident that the addition of Ni and Ti results in a slight decrease in M s temperature.
Table 4.1 Ms temperatures of Ni3Ti precipitation strengthened Fe-Mn-Si based alloys

Alloy

37#

Fe-13Mn-

36#
Fe-13Mn-

Fe-13Mn-

6Si-2Ni-

5Si-10Cr-

5Si-10Cr-

5Si-10Cr-

0.55Ti

6Ni

8.6Ni-

9.5Ni-lTi

2#

34#

35#

6#

Fe-31Mn-

Fe-31Mn-

Fe-31Mn-

6Si

6Si-2.6Ni0.7Ti

0.7Ti
Ms(K)

302

298

299

282

279

277
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The changes in the M s temperatures of alloys 34# and 36# as a function of ageing time
are shown in Figure 4.5. The M s temperature increases slightly with increasing ageing
time. This effect is probably related to the precipitation of Ni3Ti resulting in the loss of
solute Ni and Ti from the austenitic matrix.

4.1.3.2 The measurements of stress induced martensite by X-ray diffraction
The effect of precipitation on stress induced y—>£ transformation can be reflected by
amount of stress induced £ martensite after deformation. In the present study, X-ray
diffraction and optical microscopy were used to measure the amount of martensite.
Room temperature X-ray measurements were made on samples subjected to ageing at
7 7 3 K for 1 hour. Figure 4.6 and Figure 4.7 show the changes in integrated intensities of
the (1011 )e and (200)y reflections with bending angle, which can be interpreted as strain.
It is clear that the results for solution treated samples of alloy 34# (before ageing) are
close to those of the reference alloys (2#).The higher intensities of the martensite
reflection and the lower intensities of the austenite reflection for alloys 2# and 34#
compared with alloys 6#, 36# and 37#, are consistent with the M s temperatures recorded
in Figure 4.5 and Table 4.1. Both the absolute value and the rate of increase of the
intensity of the (10ll)£ reflection markedly decreased after precipitation had occurred.
Furthermore, the rate of decrease in the intensity of the (200)y reflection is also lower
when precipitation occurs. These results indicate that £ martensite is induced by bending
deformation at room temperature, and that the volume fraction of £ martensite is greatly
reduced w h e n precipitates of y-Ni3Ti are present. These data are consistent with Figures
4.3 and 4.4 which s h o w that precipitation suppresses stress induced y -> £
transformation and causes significant degradation of the shape m e m o r y effect.

4.1.3.3 The measurement of stress induced martensite by optical microscopy

Figure 4.8 gives photomicrographs of alloys 6#, 36# and 37# after 2% deformation at
room temperature. The alloys were aged at 7 7 3 K for 1 hour before being deformed. It is
clear that the amount of stress induced £ martensite is less in the presence of the
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Figure 4.8 The effect of precipitation on the amount of stress induced martensite (bending
strain = 2%).
(a) 6# alloy, (b) 36# alloy, (c) 37# alloy
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precipitates. The thickness of the £ martensite plates also decreased w h e n precipitation
occurs, suggesting that Ni 3 Ti precipitates retard the growth of stress induced £
martensite. Etch pits aligned along {111} planes are very evident in alloys 36# and 37#
which contained precipitates of Ni 3 Ti. However, similar pits, but with a m u c h lower
density, are also present in alloy 6# which does not contain precipitates, so the origin of
the etch pits remains uncertain.
4.2 Discussion

4.2.1 The effect of precipitation on the amount of stress induced
martensite

Because of the low stacking fault energy of Fe-Mn-Si based shape memory alloys, the
perfect dislocation 1/2<110>fcc is easily split into two 1/6<112>fcc type Shockley partial
dislocations on the {lll}fcc plane. A stacking fault forms between two Shockley
partials. The motion of Shockley partials and the overlapping of stacking faults form £
martensite. Therefore, the mobility of Shockley partials is considered to be the key factor
in £ martensite formation. The results of the experiments described in Section 4.1 show
that precipitation is not favourable to the movement of Shockley partials. Figure 4.9
shows a T E M micrograph which indicates that the coherent precipitates can act as barriers
to the movement of Shockley partials. Pinning of these dislocations is likely to retard
stress induced y—»£ transformation in respect to both nucleation and growth. The
precipitates inhibit dislocation motion which is necessary for nucleation of £ martensite,
and as the thickness of stress induced £ martensite plates in the alloys with precipitates is
reduced, it appears that precipitation also suppresses the growth of £ martensite.

4.2.2 The effect of precipitation on the shape memory effect

The precipitation makes stress induced y—»£ transformation more difficult, leading to a
decrease in the amount of £ martensite at a constant bending strain. The precipitates also
retard the reverse movement of Shockley partials. For these reasons the shape m e m o r y
capacity was degraded in ausaged Fe-Mn-Si based shape m e m o r y alloys.

lOOnm

Figure 4.9 T E M micrograph showing precipitate pinning of Shockley partials.
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Chapter 5 Mechanical behaviour
*********************************************************************

5.1 Results
5.1.1 The strength of alloys

The tensile strengths of Fe-Mn-Si based shape memory alloys are quite high compared
with mild steels, and can vary with annealing conditions and deformation

temperature[8]. In the present study, the strengths of the alloys were studied by ten

testing at room temperature, except for the investigation of the effect of deformatio

temperature on the strength of alloys. The yield strengths in the current research we
defined by the 0.2% proof stress. Three alloys were selected for detailed study: the
reference alloys Fe-Mn-Si (1#) and Fe-Mn-Si-Cr-Ni (6#), and Fe-20Mn-6Si-7Cr-lCu
(28#).

5.1.1.1 The effect of annealing on alloy strength

Figure 5.1 shows the changes in strength of alloys 1#, 6# and 28# with increasing

annealing temperature (annealing time of 30 minutes). It is clearly seen that the tens
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Figure 5.1 The effect of annealing temperature on the tensile strengths of alloys 1#, 6# and 28#
at room temperature.

strength decreases with increasing annealing temperature. B y raising the annealing
temperature to 1273K, the strength drops more than lOOMPa.

The yield strength below the Md temperature of Fe-Mn-Si based shape memory alloys
can be considered as the critical stress to induce £ martensite, which is also largely
influenced by annealing condition. Figure 5.2 shows the effect of annealing temperature
on the yield strength of alloys 1#, 6# and 28#. The results for the three alloys are very
similar. The yield strength decreases with increasing annealing temperature when the
annealing temperature is lower than 1073K, but it increases sharply w h e n annealing
temperature increases from 1073K to 1173K, and then it decreases again. Based on
these results, it m a y be concluded that annealing in the range 773 K to 1073K provides a
suitable condition for the formation of stress induced £ martensite, leading to a good
shape m e m o r y effect.
Figures 5.3 and 5.4 show the changes of elongation and reduction in area of tensile
samples with increasing annealing temperature. There are no obvious trends in these two
properties with annealing temperature, but alloy 6# is clearly the most ductile of the three
alloys.
5.1.1.2 The effect of deformation temperature on the strength of alloys
The strength of alloys usually decreases with increasing deformation temperature, and
the same trend is found

Fe-Mn-Si based shape m e m o r y alloys. The results are

summarised in Figure 5.5. B y raising the deformation temperature from room
temperature to 473K, the strengths of the three alloys shown in Figure 5.5 decrease by
more than 200MPa.

Contrary to the usual trend of decreasing strength with increasing temperature, the yi
stress of Fe-Mn-Si based shape m e m o r y alloys does not decrease monotonically with
increasing temperature. Figure 5.6 shows the temperature dependence of the yield stress
for alloys 1#, 6# and 28#. It is clearly seen that a positive temperature dependence of the
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Figure 5.2 The effect of annealing temperature on the yield strengths of alloys 1#, 6# and
28# at room temperature.
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Figure 5.3 The effect of annealing temperature on the elongation of alloys 1#, 6# and
28#.
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Figure 5.4 The effect of annealing temperature on the area of reduction of alloy 1#, 6#
and 28#.
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Fgiure 5.5 The effect of deformation temperature on the tensile strengths of alloys 1#, 6#
and 28#.
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Fgiure 5.6 The effect of deformation temperature on the yield strengths of alloys 1#, 6#
and 28#.

yield stress is observed below about 380K. This phenomenon is associated with stress
induced y—>e transformation.

5.2 Discussion

5.2.1 Annealing temperature effect

The tensile strengths of the alloys investigated decreased with increasing annealing
temperature, possibly in part because of the elimination of strain hardening associated
with prior hot rolling. Transmission electron microscopy (Figures 3.16 and 3.17) also
showed a decreasing defect density with increasing annealing temperature.

The change in yield stress with increasing annealing temperature is different from that
strength, as shown in Figure 5.2. The yield stress at room temperature (below M d ) in
Fe-Mn-Si based shape m e m o r y alloys reflects the critical stress to induce £ martensite.
Therefore, the annealing process must affect stress induced y—>£ transformation. Based
on the results obtained from studying the mechanism of £ martensitic transformation, it
is k n o w n that the transformation is closely related to the movement of Shockley partials
and the overlapping of stacking faults. According to the theory of transformation
thermodynamics and kinetics, internal stresses can enhance the driving force for
transformation and defects can act as nucleation sites. W h e n the annealing temperature is
low, a relatively high density of defects (particularly dislocations) could provide barriers
for transformation by retarding the movement of Shockley partials. W h e n the annealing
temperature is too high, internal stress relief decreases the driving force for
transformation, and the low density of defects results in a decrease in the nucleation rate.
From an overall consideration, annealing at temperature from 7 7 3 K to 1073K provides a
suitable condition for stress induced y-»e transformation.

5.2.2 Deformation temperature effect
The yield stress of the alloys examined varies with deformation temperature. A peak
occurs around 3 8 0 K which can be clarified as the critical temperature T'. Below T', the

yield stress reflects the critical stress for £ martensite formation. T h e driving force
(applied stress) needed for £ martensite formation increases with increasing deformation
temperature, due to the parent phase (austenite) becoming more stable and the stacking
fault energy increasing with increasing temperature[53]. Therefore, as the yield stress
increases, above T \ slip deformation occurs rather than £ martensite formation. The
yield stress decreases with increasing deformation temperature, which is consistent with
the general trend for steels.

The tensile strength of the alloys gradually decrease with increasing deformation
temperature from r o o m temperature to 473 K, which can be explained by the following
two reasons:
(1) the amount of stress induced £ martensite decreases with increasing deformation
temperature, leading to a decrease in the

contribution of phase transformation

strengthening.

(2) the mobility of dislocations is enhanced by raising the deformation temperature,
which also causes a strength decrease.
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Chapter 6 Corrosion testing
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6.1 Results

The corrosion resistance of traditional Fe-Mn-Si ternary alloys is very poor, and is

barrier to industrial application. For this reason, Fe-Mn-Si-Cr-Ni stainless steel ba
shape memory alloys have been developed. In the current study, Fe-Mn-Si-Cr-Cu, FeMn-Si-Al-Cu and Fe-Mn-Si-Cr-Ni-Cu corrosion resistant alloys have been developed,
and corrosion tests were carried on these alloys.

6.1.1 Immersion corrosion testing

The conventional immersion test was used in which the corrosion rate is described by
weight reduction rate (g/m2hr) of the test sample. This is considered to be a simple

efficient method. The immersion time in the present research was 4 hours, and the tes
temperature was 25 °C.

6.1.1.1 Corrosion resistance in hydrochloric acid

Samples were immersed in hydrochloric acid at room temperature for 4 hours. Figure
6.1 shows the results for an Fe-Mn-Si alloy (1#) and an Fe-Mn-Si-Al-Cu alloy (10#). It

is clearly seen that the corrosion rate of alloy 10# is much lower than that of alloy 1
The corrosion rate of alloy 10# remained nearly constant with increasing concentration
of hydrochloric acid. This means that alloying a Fe-Mn-Si ternary alloy with about
l%Cu and 1%A1 can markedly improve the corrosion resistance to hydrochloric acid.
An Fe-Mn-Si-Cr-Ni alloy (6#) and two Fe-Mn-Si-Cr-Ni-Cu alloys (7# and 8#) were

selected for investigating the effect of copper on corrosion resistance of Fe-Mn-Si-Cralloys. It has been reported that the addition of copper can improve the corrosion

resistance of stainless steel, particularly to sulphuric acid [53,54,62-64]. The corros
test results for alloys 6#, 7# and 8# in hydrochloric acid at room temperature are

illustrated in Figure 6.2, which indicates that the corrosion resistance of alloys 7# a

is much higher than that of 6# alloy. However, there is little difference between alloy
(l%Cu) and alloy 8# (2%Cu). This suggests that the addition of l%Cu is adequate. The

Fe-Mn-Si-Cr-Cu alloys developed in this work were also tested for corrosion resistance.

The corrosion resistances in hydrochloric acid of alloys 25#, 28# and 29# selected from
the Fe-Mn-Si-Cr-Cu system are shown in Figure 6.3. The results show that these alloys

have good corrosion resistance to hydrochloric acid. The corrosion rates of these alloy
are lower that of alloy 6# (Fe-Mn-Si-Cr-Ni system). It is also can be seen that the
corrosion resistance of Fe-Mn-Si-Cr-Cu alloys increases with increasing Cr content.

6.1.1.2 Corrosion resistance in sulphuric acid

Sulphuric acid is a strong corrosion medium. The immersion test results for alloy 1# (F
Mn-Si system) and alloy 10# (Fe-Mn-Si-Al-Cu system) are shown in Figure 6.4. The
corrosion rate increases with increasing concentration of sulphuric acid from 5% to
20%. The results show that alloying with Al and Cu can significantly improve corrosion
resistance of Fe-Mn-Si ternary alloys. Figure 6.5 shows the corrosion resistance of
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Figure 6.5 Corrosion resistance in sulphuric acid (alloys 6#, 7# and 8#).

alloys 6#, 7 # and 8# to sulphuric acid. The effect of copper on corrosion is very
obvious for stainless steel based shape memory alloys. The results indicate that by
adding 1-2% copper to an Fe-Mn-Si-Cr-Ni alloy, the corrosion resistance to sulphuric

acid is increased to the extent that the alloy can successfully resist up to 20% sulphu
acid; whereas, in the absence of copper, the corrosion rate is quite high even if the
concentration of acid is 5%. The corrosion resistance to sulphuric acid of Fe-Mn-Si-CrCu alloys (25#, 28# and 29#) is illustrated in Figure 6.6. The corrosion rates increase

with increasing concentration of sulphuric acid and the results suggest that these allo
only have good corrosion resistance to dilute sulphuric acid. The corrosion resistance
enhanced by raising the Cr content, with alloy 29# showing the best corrosion
resistance. Moreover, some Fe-Mn-Si-Cr-Cu alloys, such as alloys 28# and 29#, have

similar corrosion resistance to stainless steel based alloys (alloy 6#, compare Figures
and 6.6).
6.1.1.3 Corrosion resistance in 3.5% NaCl solution

Salt solution also can strongly attack steels. In the current study, the samples were
immersed in 3.5% NaCl solution for 100 hours at room temperature. The alloys selected
were 1#, 6#, 7#, 10#, 25#, 28# and 29#. The test results are shown in Figure 6.7.
Alloys 6# and 7# showed the best corrosion resistance. The effect of copper addition on
corrosion resistance to 3.5% NaCl solution is not marked. For the Fe-Mn-Si-Cr-Cu

series (25#, 28# and 29#), the corrosion resistance increased with increasing Cr conten
The results suggest that alloying with Cu offers no advantages for marine applications,
whereas Cr is effective in increasing corrosion resistance in this case.

6.1.2 Potentiostatic tests
In order to study the effect of copper on the corrosion resistance of Fe-Mn-Si-Cr-Ni
alloys in detail, anode polarization tests were conducted on alloys 6#, 7# and 8#. The
good resistance of stainless steels to corrosion is a consequence of their capacity to
become passivated, which can be reflected in the anodic polarization curve. Figure 6.8
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Figure 6.6 Corrosion resistance in sulphuric acid (alloys 25#, 28# and 29#).
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Figure 6.8 Anodic polarization curve of Fe-Mn-Si-Cr-Ni based shape memory alloys

shows the anodic polarization curves for the alloys investigated. The anodic current

density is proportional to the corrosion rate of the alloy. The passivation of these al

occurs over a wide potential range. It is clearly seen that increasing the copper conte

facilitates passivation, i.e. shifts the anodic polarization curve in a favourable dire

Figure 6.9 shows the measured results of the critical current density ( an index of gen
corrosion) and passive current density ( an index of passive film formation). These

results show that the addition of copper improves the general corrosion resistance of F
Mn-Si-Cr-Ni alloys, and makes the passive film more stable.
6.1.3 Scanning electron microscopy

The corrosion surface of alloys was studied by using the scanning electron microscope.

The type and degree of corrosion can be reflected from the corrosion surface. All the t
pieces were ground on 1200# silicon carbide paper before testing. The corrosion
products were cleaned off using a soft toothbrush.
Figure 6.10 shows the corrosion surfaces of alloys 1# and 10# after immersion in

hydrochloric acid for 4 hours at room temperature. It is evident that the surface of 1#
deeply etched, whereas the corrosion of 10# alloy was very limited. The scratches from
grinding on silicon carbide paper can still be seen. There was some pitting corrosion

revealed on the surface of 10# alloy. This suggests that alloying Fe-Mn-Si ternary allo

with Cu and Al can significantly enhance their corrosion resistance to hydrochloric aci
The corrosion surfaces of alloys 6#, 7# and 8# after testing in hydrochloric acid are
shown in Figure 6.11, which indicates that pitting corrosion is the main corrosion
damage for these alloys. Alloys 7# and 8# show better resistance to hydrochloric acid
attack than 6# alloy. Similar results were obtained for the Fe-Mn-Si-Cr-Cu system,

which is shown in Figure 6.12. Pitting corrosion can be clearly seen on the test surface
but there was not much difference between alloys 25# and 28#, and alloy 29# showed
the best corrosion resistance.
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Figure 6.10 The corrosion surface of 1# and 10# alloys after immersion test in 1 0 %
hydrochloric acid for 4 hours at room temperature.
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Figure 6.11 The corrosion surface of 6#, 7# and 8# alloys after immersion test in M ) %
hydrochloric acid for 4 hours at room temperature.
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Figure 6.12 The eorrosion surface of 25#, 28# and 29# alloys after immersion test in
10% hydrochloric acid for 4 hours at room temperature.

The surfaces of samples after the immersion test in sulphuric acid were also observed by

scanning electron microscopy. Figure 6.13 shows the results for alloys 1# and 10# afte

corrosion testing in sulphuric acid for 4 hours at room temperature. The highly corro
surface of 1# alloy reveals that Fe-Mn-Si ternary alloys have very poor resistance to

sulphuric acid corrosion. The surface of alloy 10# shows a damaged oxidised layer, but

this layer could protect the steel from corrosion to some extent. The corrosion produc
morphologies of alloys 6#, 7# and 8# are shown in Figure 6.14; alloy 8# showed the

best corrosion resistance to sulphuric acid. It is clearly seen that the grain bounda

6# alloy were attacked, but those of alloys 7# and 8# were not attacked. Because alloy
7# and 8# were developed from alloy 6# by alloying with copper, the results may

indicate that copper can prevent intergranular penetration of sulphuric acid. The cor

surfaces of alloys 25#, 28# and 29# after immersion in sulphuric acid are illustrated
Figure 6.15. The results show that the corrosion resistance of Fe-Mn-Si-Cr-Cu alloys

close to that of Fe-Mn-Si-Cr-Ni stainless steel based shape memory alloys. Figure 6.16
shows the corrosion surfaces of selected alloys (1#, 10#, 6#, 25#, 28# and 29#) after

immersion in 3.5% NaCl solution at room temperature for 100 hours. It is clear that th
corrosion resistance of Fe-Mn-Si-Cr-Cu alloys to NaCl solution is very good, and the

corrosion resistance is enhanced with increasing the Cr content, alloys 6#, 28# and 29

only show minor attack on the surface. It is also can be seen that there is a layer on

surface of alloy 10#, and this could be the reason that it has better corrosion resis
NaCl solution than alloy 1#. However, this layer is not impervious, and the
improvement of resistance to the attack in NaCl solution is not significant.

6.2 Discussion
6.2.1 The effect of alloying elements on corrosion resistance

The new potential alloys, such as 10#, 25# and 28# are developed based on Fe-Mn-Si
ternary alloys and combination of the alloying elements Cr, Cu and Al. The Fe-Mn-SiCr-Ni-Cu alloys are based on Fe-Mn-Si-Cr-Ni stainless steel alloys. The alloying
elements play an important role in improving the corrosion resistance.
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Figure 6.13 The corrosion surface of 1# and 10# alloys after immersion test in 1 0 %
sulphuric acid for 4 hours at room temperature.

v
»v.* '

10 urn

Figure 6.14 The corrosion surface of 6#, 7# and 8# alloys after immersion test in 1 0 %
sulphuric acid for 4 hours at room temperature.
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Figure 6.15 The corrosion surface of 25#, 28# and 29# alloys after immersion test in
10% sulphuric acid for 4 hours at room temperature.
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Figure 6.16 The corrosion surfaces of selected alloys after immersion in 3.5% NaCl
solution for 100 hours at room temperature.
(a) 1#, (b) 10#, (c) 6#, (d) 25#, (e) 28#, (f) 29#

6.2.1.1 The effect of C u content

C u is soluble in austenitic steels to at least 4 % by weight. In the present study, the C u

content were varied from 1% to 3%. The results of immersion tests in hydrochloric ac

and sulphuric acid show that Cu promotes corrosion resistance in these two acids. Th

addition of Cu, however, did not appreciably improve the corrosion resistance of al
to 3.5% NaCl solution, as shown in Figure 6.7. This result suggests that Cu bearing
alloys offers no improvements for marine applications.

Electrochemical measurements (Figure 6.8) showed that Cu shifts the anodic polariza

curve of Fe-Mn-Si-Ni-Cr alloys in a favourable direction. The critical current dens

drops markedly with increasing Cu content, suggesting that general corrosion resist
of the alloys is improved, since the anodic current density is proportional to the

rate of the alloy. The passive current density also decreased with increasing Cu co
suggesting that the passive films formed on Cu bearing alloys are more stable. From

overall view point of the effect of Cu on properties, such as shape memory effect, h

workability and corrosion resistance, the addition of 1% Cu is favourable for Fe-Mnbased shape memory alloys.

6.2.1.2 The effect of Cr
The results of immersion tests on Fe-Mn-Si-Cr-Cu alloys show that the corrosion

resistance of alloys to hydrochloric acid, sulphuric acid and 3.5% NaCl solution are
enhanced by raising the Cr content. Alloying iron based alloys with Cr considerably

facilitates passivation. The stability of the passive film increases with increasin
content. However, if Cr content exceeds 10% in Fe-Mn-Si-Cr-Cu alloys, ferrite can
form in some alloys, which can degrade the shape memory effect.

6.2.1.3 The effect of Ni

B y comparing the corrosion resistance of alloys 7# and 29# (Ni bearing and non-Ni

bearing), it is clearly seen that 7# alloy shows better corrosion resistance to ac
3.5% NaCl solution. This phenomenon can be explained by the combination of Cr and

Ni markedly facilitating passivation (Cr-Ni steels are easier to passivate than pla
chromium steels) and lowering the corrosion rate[53].
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Chapter 7 Thermomechanical training
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It has been reported[29,39,41,49,51] that thermomechanical training can significan
improve the shape memory effect of Fe-Mn-Si based alloys The proper training

process can suppress slip deformation through strengthening of the austenitic matri
and lower the stress for inducing £ martensite by creating dislocation structures
are favourable to martensitic transformation. However, the mechanism of
thermomechanical training is still not clear. This chapter reports the experiments

undertaken, presents discussion on the factors influencing thermomechanical trainin
and explains the mechanism of training through the analysis of mechanical
characteristics and microstructure.
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7.1 Results

7.1.1 The effect of thermomechanical training on shape memory effect

In the current study, thermomechanical training was carried out by tensile tests,
the pre-annealing condition for all samples being 873K (600°C) for 10 mins. The

variables selected for investigating the effect of thermomechanical training wer
follows:
(1) Recovery annealing temperature: the temperature range was set from 673K to
1073K,
(2) Amount of strain: the strain during training was set from 2% to 6.5%,
(3) Strain rate: the cross-head speed is used to study the effect of strain rate
training, ranged from 0.2rnm/min to 8mm/min.
Thermomechanical training was carried on the alloys indicated below.

7.1.1.1 Fe-Mn-Si ternary shape memory alloy

Figure 7.1 shows the effect of thermomechanical training on the recovery ratio f
alloy 1# (Fe-Mn-Si), for a training strain of 2%. It is clear that the magnitude

recovery ratio is strongly dependent on the recovery annealing temperature. Nearl
complete shape recovery was obtained after 4 training cycles when the recovery

annealing temperature ranged from 773K to 873K. After 4 cycles, the recovery rati
remained constant with increasing number of training cycles. When the recovery
annealing temperature is lower than 773K (673K and 723K), the improvement in
shape memory effect decreased, becoming lower with a lower recovery annealing

temperature. The recovery ratio reached a peak value after 2 or 3 training cycles

then decreased with increasing training cycles. The recovery ratio was also lower
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Figure 7.1 The effect of thermomechanical training with 2 % strain on the shape memory
effect of an Fe-Mn-Si alloy (alloy 1#)
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w h e n the recovery annealing temperature was increased to 973K, showing a gradual
decrease after 4 training cycles.

The results for thermomechanical training with 4% pre-strain are shown in Figure
7.2. T h e best results were obtained w h e n the recovery annealing temperature was
again between 7 7 3 K and 873K, but an increased number of training cycles was
needed to achieve nearly complete shape recovery. The recovery ratio approached a
m a x i m u m value after 5 training cycles and then remained constant with increasing
training cycles. W h e n the recovery annealing temperature was 673K, the recovery
ratio decreased dramatically with increasing training cycles after 2 cycles, falling even
lower than the original value. This phenomenon suggests that unrecovered structure
induced by training accumulates with increasing training cycles, and affects y<->£
phase transformation. W h e n the recovery annealing temperature was 973K, the shape
m e m o r y effect was also significantly improved by thermomechanical training.
However, the improvement was still not as marked as that w h e n the recovery
annealing temperature was in the range 7 7 3 K to 873K. From the above results, it is
seen that the optimum recovery annealing temperature lies in the range of 7 7 3 K to
873K.
Figures 7.3 and 7.4 show the changes of recovery ratio with increasing training
cycles when the training strain is 5.5% and 6.5%, respectively. The figures show that
the recovery ratio increases markedly with increasing number of training cycles, but
less than 8 0 % recovery was achieved. W h e n the strain is over 4 % , slip deformation
and intersection of £ martensite plates increases with increasing strain, leading to
greater difficulty in the reverse motion of Shockley partial dislocations. It can also be
seen that the improvements in the recovery ratio are similar w h e n the recovery
annealing temperatures are 7 7 3 K , 8 7 3 K and 9 7 3 K , but the results for
thermomechanical training at 8 7 3 K are slightly better.
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Figure 7.5 shows the changes of recovered strain and residual strain (unrecovered
strain) with increasing number of training cycles for training strains of 2 % , 4 % , 5.5%
and 6.5%. T h e recovery annealing condition was 8 7 3 K for lOrnin. Figure 7.5 shows
that the recovery strain for 2 % and 4 % training strain initially increases rapidly after 3
or 4 training cycles, and increases more slowly afterwards. For the larger training
strain of 5.5% and 6.5% the recovery strain peaks after about 3 cycles then decreases
slightly. For the higher training strains, slip deformation and the intersection of £
martensite plates increase, causing difficulty for the reverse motion of Shockley partial
dislocations. It also can be seen that the largest recovery strain (above 4 % ) is obtained
for a training strain of 5.5%.
Based on the results obtained, the shape memory effect of a properly trained sample
is significantly improved. In Figure 7.6 the measurements of the shape recovery ratio
of trained samples (873K, lOrnin, 4 times) and untrained samples are plotted as a
function of pre-strain. The recovery ratio of trained samples is m u c h higher than that
of untrained samples.
7.1.1.2 Fe-Mn-Si-Cr-Ni shape memory alloy
Alloy 6# (Fe-Mn-Si-Cr-Ni system) was chosen for thermomechanical training,
because it has a very good shape m e m o r y effect in the initial (untrained) state as
discussed in Chapter 3. Figure 7.7 shows the changes of recovery ratio with
increasing training cycles for a training strain of 2 % . It is clearly seen that the
recovery ratio of untrained samples is very high, around 9 0 % . In this case,
thermomechanical training is almost independent of recovery annealing temperature.
After a few training cycles, 1 0 0 % shape recovery can be obtained for all recovery
annealing conditions.
When the training strain increases to 4%, the results of thermomechanical training
becomes totally different, as shown in Figure 7.8. Although the recovery ratio of
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untrained samples is more than 7 0 % , which is considerably higher than that of FeM n - S i ternary alloys, the improvement of the shape m e m o r y effect by
thermomechanical training is not as obvious as Fe-Mn-Si ternary alloys. W h e n the
recovery annealing temperature is 673K, the recovery ratio of alloy 6# drops rapidly
with increasing training cycles after 3 cycles, which is similar to the results of Fe-MnSi ternary alloys. Increasing the recovery annealing temperature to 1073K reduces the
recovery ratio compared to recovery annealing in the range 773-973K. Figure 7.9
shows the changes of recovery strain and residual strain with increasing training
cycles w h e n the training strain is 4 % , and the recovery annealing condition is 873K
for lOmin. These results clearly show that the recovery strain after training is lower
than that of alloy 1# (Fe-Mn-Si system).
7.1.1.3 Fe-Mn-Si-Cr-Ni-Cu alloys

The Fe-Mn-Si-Cr-Ni-Cu alloys were developed from Fe-Mn-Si-Cr-Ni alloys by
adding C u in order to improve the corrosion resistance. Figures 7.10 and 7.11 show
the changes of recovery ratio of the selected Fe-Mn-Si-Cr-Ni-Cu alloy (7#) with
increasing training cycles for training strains of 2 % and 4 % , respectively. It is clearly
seen that shape m e m o r y effect of alloy 7# is slightly enhanced by thermomechanical
training except for recovery annealing at 6 7 3 K for 10 min. The shape m e m o r y effect
of untrained samples was very similar to that of alloy 6# (Fe-Mn-Si-Cr-Ni system).

7.1.1.4 Fe-Mn-Si-Al-Cu alloys
The Fe-Mn-Si-Al-Cu alloys were developed from Fe-Mn-Si ternary alloys by adding
C u and Al. In the current study, alloy 10# (a Fe-Mn-Si-Al-Cu alloy) was selected for
investigating the effect of thermomechanical training on shape m e m o r y effect, as
illustrated in Figures 7.12 and 7.13 for training strains of 2 % and 4 % , respectively.
The results show that alloy 10# has a very good shape m e m o r y effect in the initial
(untrained) state. The untrained recovery ratios for 2 % and 4 % pre-strain are about
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9 0 % and 8 0 % , respectively, which are m u c h better than the recovery ratios for FeMn-Si ternary alloys. This suggests that the addition of Al and C u can improve that
shape m e m o r y effect of Fe-Mn-Si alloys. For 2 % training strain, the recovery ratio
increased with increasing training cycles, and approached 1 0 0 % (complete recovery)
for all recovery annealing condition after a few training cycles. However, in the case
of 4 % training strain, the recovery ratio increased slightly with increasing number of
training cycles, except for recovery annealing at 6 7 3 K for lOrnin, which resulted in a
steep fall in recovery ratio.
7.1.1.5 Fe-Mn-Si-Cr-Cu alloys

Two alloys (25# and 28#) were selected from the Fe-Mn-Si-Cr-Cu system for
studying the influence of thermomechanical training on the shape memory effect. FeMn-Si-Cr-Cu alloys showed good shape memory effect and corrosion resistance. The
cost is also lower than that of stainless steel based shape m e m o r y alloys. The
influence of thermomechanical training on the shape m e m o r y effect of alloy 25# are
illustrated in Figures 7.14 and 7.15 for training strains of 2 % and 4 % , respectively.
A s for the previous alloys, thermomechanical training using the 6 7 3 K for lOmins
recovery annealing condition did not improve the shape m e m o r y effect. For 2 %
training strain, the shape m e m o r y effect of alloy 25# was markedly improved by
thermomechanical training w h e n the recovery annealing temperature was between
7 7 3 K and 973K, with the shape recovery ratio being above 9 5 % after a few cycles of
training. In the case of 4 % training strain, the shape m e m o r y effect was significantly
enhanced by thermomechanical training when the recovery annealing temperature was
in the range 7 7 3 K to 873K. Annealing at 8 7 3 K was most effective for improvement
of the shape memory effect, with the shape recovery ratio being more than 9 5 % after a
few training cycles. W h e n the recovery annealing temperature was higher than 873K,
the training was less effective.
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In order to study the effect of strain rate on thermomechanical training, different cross
head speeds during tensile testing were employed in the current study, the recovery
annealing condition w a s 8 7 3 K for lOmin. The results are shown in Figure 7.16,
which clearly shows that the training results obtained from different cross head speeds
(0.02mm/min to 8 m m / m i n ) are similar, with the low speeds (0.02mm/min or
0.2mm/min), appearing to be more favourable for the improvement of shape m e m o r y
effect. This result indicate that strain rate does extent an effect on stress induced y->£
transformation, producing up to 1 0 % increase in recovery ratio for 1-2 orders of
magnitude decrease in cross-head speed.

Figures 7.17 and 7.18 show the changes of recovery ratio of alloy 28# with
increasing thermomechanical training cycles for training strains of 2 % and 4 % ,
respectively. The results indicate that alloy 28# has a very good shape m e m o r y effect
in the initial state, and the 1 0 0 % shape recovery can be easily obtained with 2 %
training strain. In the case of 4 % training strain, recovery annealing at m e d i u m
temperatures (from 7 7 3 K to 873K) was most effective for the improvement of shape
m e m o r y effect.

The effect of training strain on thermomechanical training of alloy 28# is shown in
Figure 7.19. The recovery ratio gradually decreased with increasing training strain.
However, the recovery strain is the most important factor in commercial applications,
and Figure 7.20 shows the changes of recovery strain with increasing training cycles
for different training strains. This figure clearly shows that recovery strain increases
with increasing training strain, and saturates at about 6 % training strain, with a
m a x i m u m recovery strain of about 5.4%. However, for untrained samples, the
recovery strain appears to reach the saturation value at about 5 % strain, and less than
3.5% strain is recovered. These data indicate that it is most effective to carry out
thermomechanical training using about 6 % training strain.
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Figure 7.16 The effect of strain rate on thermomechanical training for alloy 25# (recovery
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The results demonstrate that a proper training process can significantly enhance the
shape m e m o r y effect of Fe-Mn-Si based shape m e m o r y alloys. A s the shape memory
effect is governed by y<->£ transformation, the effect of thermomechanical training on
y<r+e transformation is critical, as the following discussion indicates.

7.1.2 The effect of training on phase transformation temperatures

Phase transformation temperatures (Ms, As and Af) directly reflect the characteristi
of y<r*e transformation, and the effect of thermomechanical training was studied
measuring the transformation temperatures by D S C and T M A . Figure 7.21 illustrates
the changes of M s , A s and A f of alloy 1# (Fe-Mn-Si system) with increasing training
cycles w h e n the training strain was 4 % . The figure clearly shows that the M s and A s
temperatures remain nearly constant with increasing number of training cycles.
However the A f temperature was influenced by training. For a recovery annealing
temperature of 673K, the A f temperature increased with increasing number of training
cycles, and rose by nearly 5 0 K (from 6 4 3 K to 692K) after five training cycles. The
A f temperature was higher than the recovery annealing temperature after 3 training
cycles. This observation supports the proposal that the accumulation of unrecovered
structure causes obstacles to the reverse motion of Shockley partial dislocations,
which makes the £—>y transformation more difficult, leading to the degradation of
shape m e m o r y effect. For recovery annealing temperatures higher than 7 7 3 K (773K
to 973K), the A f temperature decreased with increasing number of training cycles,
and appeared to reach a saturation value after 5 or 6 training cycles. The A f
decreased by nearly 40K, and it is inferred that the structure (especially the dislocation
structure) created by training is favourable for £—yy reverse transformation, leading to
improvement in the shape m e m o r y effect. Similar results were also obtained for alloy
6# (Fe-Mn-Si-Cr-Ni system) and alloy 28# (Fe-Mn-Si-Cr-Cu system), as shown in
Figures 7.22 and 7.23, respectively.

700

700

Af

600-

As

5003
u.
O

c
E
o

600
500-

Ms
400

| 400b-

300

300

200

200
3

4

5
Training cycle (N)

Training cycle (N)

700

700-

1
Training cycle (N)

2

3

4

5

Training cycle (N)

Figure 7.21 The effect of thermomechanical training on the phase transformation
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It should be noted that the D S C was carried out by cycling a sample after prestraining. Heating at lOK/min causes reversion of stress-induced martensite over the
range As-Af, and subsequent cooling at lOK/min establishes the M s of thermally
induced martensite in the trained sample. If the sample were cooled under stress, the
M s temperature will be different (higher), because of the combined effect of the stress
and the dislocation structure generated by training. Stress acting on oriented
martensite nuclei created by the same pattern of stress used in training, catalyses stress
induced martensite formation.

7.1.3 The effect of training on mechanical behaviour

Because stress induced y—>£ transformation is critical for shape memory effect of FeMn-Si based shape m e m o r y alloys, the mechanical behaviour of alloys can reflect the
transformation behaviour. In the current study, the mechanical behaviour of Fe-Mn-Si
based alloys was examined by tensile testing.
Stress induced y-»£ transformation is strongly dependent on the deformation
temperature. If the deformation temperature is higher than the M d temperature, y->£
transformation will be totally replaced by slip deformation. T o obtain a good shape
m e m o r y effect, it is important to suppress slip deformation. The critical stress for
martensite formation and that for slip deformation are functions of temperature. The
former shows a positive temperature dependence and the latter has a negative
dependence with the magnitude of these stresses becoming equal at a certain
temperature (T). These stresses can be approximated by yield stresses.

The temperature dependence of yield stresses for alloys 1# and 28# are shown in
Figure 7.24. The critical stress for martensite formation and that for slip deformation
correspond to the yield stresses at T < T ' and T>T', respectively. It is clearly seen that
the results for the two alloys are similar. In order to prevent slip deformation, the
deformation temperature must be lower than T .
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The influence of thermomechanical training on yield stresses of alloys has been

investigated in the current study. The critical stresses for martensite formation and
slip deformation were measured as yield stresses at room temperature and 473K,
respectively. Figure 7.25 shows the changes of yield stresses of alloy 1# with

increasing number of training cycles at room temperature when the training strains ar
2% and 4%. The changes of yield stress are largely dependent on the recovery
annealing temperature. When the recovery annealing temperature is 673K, the yield
stress increases with increasing number of training cycles, which means the critical

stress for martensite formation increases, leading to the degradation of shape memory
effect. When the recovery annealing temperature is in the range of 773K to 1073K,
the critical stress for martensite formation decreases with increasing number of

training cycles, and approaches a saturated value after several training cycles, leadi

to improvement of the shape memory effect. On the basis of these results, annealing at
873K is the most effective heat treatment. The effectiveness of training diminishes
when the recovery annealing temperature increases to 1073K, suggesting that the
dislocation structure created by training, which is favourable for the formation of
stress induced martensite, recovered during annealing. These results are consistent
with those of the training effect on shape memory effect which were discussed
previously. Similar results were obtained for the other alloys, as shown in Figure

7.26 to Figure 7.29. Based on these results, it can be concluded that the training ef
on alloys 1#, 25# and 28# is greater than that on alloys 6# and 10#, which is
consistent with the results of the effect of training on shape memory effect.

Figure 7.30 illustrates the changes of yield stresses of alloys 1# and 28# at 473K wi
increasing number of training cycles for the training strain of 4%. The yield stress

473K (which is higher than the Md temperature) represents the critical stress for sli
deformation (strength of matrix). It was found that the yield stress remained almost
constant with increasing number of training cycles when the recovery annealing
temperature was about 823K. The austenitic matrix was strengthened when the
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Figure 7.25 The effect of thermomechanical training on the yield stress at room
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recovery annealing temperature was lower than 773K, and softened w h e n the
recovery annealing temperature was higher than 873K. Therefore, the effect of
thermomechanical training on the parent phase (austenite) strength depends on the
recovery annealing temperature.

Figure 7.31 shows the effect of training on the temperature dependence of yield stres
of alloys 1# and 28# ( 4 % training strain, repeated 4 times). It is clearly seen that
strengthening of the parent phase was negligible w h e n the recovery annealing
temperature was around 873K, the recovery annealing temperature at which the best
shape m e m o r y effect can usually be obtained. This suggests that the benefit of training
derives from lowering the critical stress for £ martensite formation rather than
strengthening of the austenite matrix.
7.1.4 Metallographic features
As the shape memory effect of Fe-Mn-Si based alloys can be markedly improved by
thermomechanical training, it is apparent that the training process must influence
stress induced y-»£ transformation and its reverse transformation. The effect of
thermomechanical training on y<->£ transformation was investigated by observing the
optical and electron microstructures of the alloys.

7.1.4.1 Optical microscopy
Figures 7.32 and 7.33 show the microstructures of samples of alloys 6# and 28#
before training and after training (4 training cycles, recovery annealing temperature
873K). The samples were deformed 4 % in tension. It was found that the thickness of
the £ martensite plates decreased after thermomechanical training, whereas the amount
of £ martensite did not show any obvious change. Based on this result, two points
m a y be concluded as follows: firstly, y->£ transformation kinetics are influenced by
thermomechanical training, since the number of nucleation sites for £ martensite in
trained samples is obviously greater than in untrained samples, ie., the nucleation rate
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of stress induced martensite in trained sample is higher, and the energy barrier to
nucleation is lower. Secondly, £-ry reverse transformation becomes easier after
training because thinner martensite plates cause smaller shape strains, reducing the
need for plastic accommodation of the transformation. These two effects are likely to
be responsible for the improvement in shape m e m o r y effect.
7.1.4.2. Electron microscopy

Since stress induced y->£ martensitic transformation is highly correlated with stackin
faults in the austenitic matrix, the effect of thermomechanical training on the
dislocation structure in the parent phase w a s studied by transmission electron
microscopy. T h e microstructures of samples before training and after 4 training cycles
for alloys 6# and 28# are shown in Figures 7.34 and 7.35, respectively. The training
schedule consisted of 4 % strain, followed by annealing at 8 7 3 K for 10 minutes. It is
clear that stacking faults are highly oriented after training, and more stacking faults are
induced by training. These stacking faults can act as "embryos" for martensite
nucleation according to the discussion in Chapter 3. Therefore, the density of
nucleation sites for £ martensite in trained samples is higher than that in untrained
samples, m a k i n g stress induced y-»£ transformation easier, leading to an
improvement of shape m e m o r y effect.

7.2 Discussion
7.2.1 Factors influencing training
From the results obtained, it has been confirmed that the effectiveness of
thermomechanical training is dependent on the recovery annealing temperature,
training cycles, the training strain and the strain rate.
7.2.1.1 The effect of recovery annealing temperature

(a)

i>

(b)
lOOnm
Figure 7.34 The stacking faults structure of specimens of alloy 6#.
(a) untrained specimen (annealing temperature 873K), (b) trained specimen ( 4 %
training strain, 4 cycles, recovery annealing temperature 873K)
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Figure 7.35 The stacking faults structure of specimens of alloy 28#.
(a) untrained specimen (annealing temperature 873K), (b) trained specimen ( 4 %
training strain, 4 cycles, recovery annealing temperature 873K)
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T h e shape m e m o r y effect of Fe-Mn-Si based shape m e m o r y alloys can be improved
by thermomechanical training, and the recovery annealing temperature plays an
important role in this training. Based on the training results for selected alloys, it was
found that thermomechanical training can significantly improve the shape m e m o r y of
alloys, except for recovery annealing treatment at 6 7 3 K or below. W h e n the recovery
annealing temperature is higher than 773K, the A f temperature and the critical stress
for £ martensite formation decrease with increasing training cycle number, suggesting
that energy barriers for stress induced y->£ transformation and its reverse
transformation decrease, leading to an improvement of shape m e m o r y effect. W h e n
samples were recovery annealed at 673K, the A f temperature and the critical stress for
£ martensite formation increased with increasing training cycle number, suggesting
that training under these conditions increases the friction associated with the y<->£
transformation, leading to decreased reversibility and a degradation of shape m e m o r y
effect. Figure 7.36 shows the microstructures of parent phases of alloys 6# and 28#
after 4 training cycles with 4 % strain followed by annealing at 6 7 3 K for 10 minutes.
It is clear that the dislocation density is high, since dislocation tangles and cell
structure can be seen in the austenite. These structures are caused by accumulation of
dislocations on cycling, making stress induced y—>£ transformation more difficult.
The training results show that a recovery annealing treatment about 8 7 3 K is the most
effective, and that increasing the recovery annealing temperature above 8 7 3 K will
cause the "training efficiency" to decrease. The likely explanation is that the higher
temperatures result in a decrease in stacking fault density, i.e., nucleation site density:
leading to an adverse influence on stress induced y—»£ transformation. In addition, the
strength of the austenite decreases, facilitating irreversible slip deformation.

7.2.1.2 The effect of training strain
The purpose of thermomechanical training is to improve the shape memory effect of
alloys, ie., to obtain the m a x i m u m recovery strain. F r o m the training results of alloys

lOOnm

Figure 7.36 The dislocation structure of specimens of alloys 6# and 28# after 4 cycl
training (4% training strain, recovery annealing temperature 673K).
(a) alloy 6#, (b) alloy 28#
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1# and 28# (Figures 7.5 and 7.20), it can be seen that recovery strain increases with
increasing training strain, and approaches a saturated value. W h e n the recovery
annealing temperature is 8 7 3 K during training, the recovery strain for alloy 1#
saturated at about 4.2% with 5.5% training strain, and the recovery strain of alloy 28#
saturated at about 5.4% with 6 % training strain. After the saturation point, increasing
the training strain is not beneficial for shape m e m o r y effect, because slip deformation
will be induced rather than forming £ martensite, leading to a decrease in shape
m e m o r y effect (Figure 7.5 and 7.20). It is important to select an appropriate training
strain to obtain the m a x i m u m recovery strain during an industrial application.
7.2.1.3 The effect of training cycles

If the parameters of recovery annealing temperature and training strain are properly
selected for thermomechanical training, the percentage shape recovery increases with
increasing training cycle number, and approaches a saturated value after a few training
cycles. T h e density and type of dislocation structures created during training which
are favourable for stress induced y—>e transformation and an optimum aspect structure
is established after 3-4 training cycles (Figures 7.34 and 7.35), making stress induced
martensitic transformation easier. However, the creation and recovery of dislocation
structures will be balanced after a certain number of training cycles, leading to a
saturation value of recovery strain.
When the recovery annealing temperature is too low, (for example, 673K) the
unrecovered structures such as dislocation tangles and nodes will accumulate in the
parent phase, increasing the difficulty of motion of Shockley partial dislocations, and
making stress induced y-»£ transformation and its reverse transformation more
difficult. Figure 7.36 shows the complex structures in the samples after 4 training
cycles with 4 % strain followed by 6 7 3 K recovery annealing. Therefore, shape
m e m o r y effect will be degraded for this training condition, ie. the recovery strain
decreases with increasing number of training cycles. W h e n the recovery annealing
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temperature is too high, the favourable dislocation structure will recover during
heating, leading to a low training efficiency, and thus the improvement in shape
m e m o r y capacity with increasing number of training cycles is smaller.
7.2.2 Mechanism of thermomechanical training

The mechanism of improvement of the shape memory effect on training is discussed
in the following sections on the basis of current results.

7.2.2.1 The effect of matrix yield stress and the critical stress to induce martens
In order to obtain good shape memory effect, it is necessary to suppress slip
deformation, and to enhance the amount of stress induced £ martensite. The effect of
thermomechanical training on the temperature dependence of yield stress shows that
the critical stress to induce £ martensite decreases after training, whereas the critical
stress for slip deformation does not change markedly for recovery annealing at about
873K, which was considered to be the optimal recovery annealing temperature. Since
the applied stress is the driving force for stress induced y—>e transformation, the
changes in critical stress to induce £ martensite suggest that the transformation
thermodynamics of stress induced martensitic transformation are modified by
thermomechanical training. It can be concluded that the energy barrier for the
nucleation of stress induced martensite formation decreases after training, i.e. an
appropriate thermomechanical training makes stress induced y->£ transformation
easier. However, the effect of thermomechanical training on athermal martensitic
transformation has not been investigated in the current research.

7.2.2.2 Martensite nuclei

The £ martensite phase nucleates from stacking faults, and therefore, the nucleation
rate depends on the density of stacking faults. Transmission electron microscopy
showed that a high density of regularly oriented stacking faults was created by
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thermomechanical training, leading to two contributions to stress induced y->£
transformation. Firstly, the high density of stacking faults results in high density of
nucleation sites, increasing the nucleation rate. Secondly, the untrained parent phase
of Fe-Mn-Si based shape m e m o r y alloys has a disordered arrangement of stacking
faults, but regularly oriented stacking faults are created by training which are
favourable for the growth of non-intersecting £ martensite plates, leading to an
improvement of shape m e m o r y effect.

7.2.2.3 The effect of training on phase transformation temperatures
The £—>y transformation during recovery annealing is directly correlated with shape
recovery. The changes in transformation characteristics are reflected in the changes of
phase transformation temperatures. D S C and T M A results showed that the A f
temperature decreases with increasing training cycle number when appropriate training
parameters are chosen, whereas the A s and M s temperatures remain nearly constant.
T h e decrease of A T (Af-As) suggests that the energy barrier to £—>y reverse
transformation decreases with increasing training cycle number, making reverse
transformation easier.
7.2.2.4 The size of the martensite plates

Shape recovery is associated with £—»y reverse transformation. It is obvious that th
size of the £ martensite plates will influence the transformation. Optical microscopic
observations indicated that the stress induced £ martensite w a s refined after
thermomechanical training. This observation can be explained by an increase in the
nucleation rate (the density of nucleation sites) in the trained samples compared with
the untrained samples. The stress induced y->£ transformation in the trained samples
is characterised by the formation of n e w £ martensite plates rather than the growth of
existing £ martensite plates. The refined £ martensite plate structure in the trained
samples will reduce the local shape strain during £->y reverse transformation, i.e.
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increase the likelihood of completely elastic accommodation of the transformation
shear and volume strains, leading to an increase in recovery strain.
Based on the above discussion, the mechanism of thermomechanical training can be
considered to be as follows:
(1) Creation of substructures favourable to stress induced y—>e transformation and

reduction of the critical stress for martensite formation, making stress induced y—>£
transformation easier by decreasing the energy barrier to forward transformation.

(2) Refinement of the martensite plates and increasing the probability of elastic rat

than plastic accommodation of the transformation strains. The lower energy barrier to
reverse transformation is evident in the reduced Af temperature.

******************************************************************

Chapter 8 General Discussion
*********************************************************************

8.1 Introduction

The aims of this research work were to develop new iron based shape memory alloy

with property and/or cost advantages over existing Fe-Mn-Si based alloys, and to

out a detailed and systematic studies of the effect of alloying elements, precip

annealing and thermomechanical training on the martensitic transformation and on
associated capacity for shape memory.

8.2 Alloy design

The present study was mainly conducted on the following three new types of alloy

Mn-Si-Al-Cu, Fe-Mn-Si-Cr-Cu and Fe-Mn-Si-Cr-Ni-Cu alloys, all of which exhibited
good shape memory effect and corrosion resistance, compared with conventional,
commercially available, Fe-Mn-Si and Fe-Mn-Si-Cr-Ni alloys, which were selected
reference alloys.

8.3 T h e m e c h a n i s m of martensitic transformation

TEM observations support the concept that the regular overlapping of stacking fault
result in the formation of bulk £ martensite plates. Stacking faults were also found to
exist in £ martensite plates, and it is inferred that these faults can act as embryos for £->y
reverse transformation. The y<->£ transformation in Fe-Mn-Si based alloys appears to be
highly correlated with stacking faults, and the growth of £ phase depends on the
overlapping of stacking faults.
8.4 Shape memory effect

The current research results show that the shape memory capacity of Fe-Mn-Si based
shape m e m o r y alloys varies with annealing temperature, and this effect can be explained
in terms of the effect of annealing on y<-»£ transformation. The nature and concentration
of defects in austenite are strongly affected by annealing conditions. A high annealing
temperature results in a low density of stacking faults, leading to a low nucleation rate
during stress induced y—>e transformation. The growth of £ martensite plates is favoured
rather than the formation of n e w £ martensite plates. Coarse martensite plates produce
high local transformation strains which can be accommodated by local slip deformation,
leading to a reduction in the reversibility of the martensitic transformation and to a
degradation of the shape m e m o r y effect. Annealing at low temperatures (<673K) for
reasonable times does not eliminate complex defects (dislocation jogs, kinks and vacancy
clusters) created by hot and cold working strains. These defects can retard the movement
and rearrangement of Shockley partial dislocations, i.e. suppress y-*£ transformation,
also leading to a degradation of shape m e m o r y effect. Annealing at about 8 7 3 K was
found to be optimal to form the dislocation structures which are favourable for stress
induced martensitic transformation, thus resulting in the best shape m e m o r y behaviour.

Strengthening of the austenite matrix is generally considered to be an effective me
for improving the shape m e m o r y effect of ferrous shape m e m o r y alloys. Although

ausaging has been found to improve transformation reversibility and shape m e m o r y
effect in Fe-Ni based alloys, precipitation of coherent NisTi particles in austenite has
been demonstrated for the first time to degrade the shape m e m o r y effect of Fe-Mn-Si
based shape m e m o r y alloys. T E M results showed that precipitates can pin Shockley
partial dislocations, suppressing stress induced y—»£ transformation. Optical microscopy
and X-ray diffraction results indicated that the amount of stress induced £ martensite
decreased w h e n precipitation occurred and since the shape m e m o r y effect in Fe-Mn-Si
based shape m e m o r y alloys is associated with y<-»£ transformation, precipitation in
austenite degraded the shape m e m o r y effect.
8.5 Corrosion resistance
The new Fe-Mn-Si based shape memory alloys generally showed improved corrosion
resistance compared with their conventional counterparts. The corrosion tests were
mainly conducted in acid and salt solutions.
Alloying of Fe-Mn-Si ternary alloys with Al and Cu was found to significantly
enhance their resistance to hydrochloric acid attack. For example, alloy 10# (Fe-Mn-SiAl-Cu) exhibited both good shape m e m o r y effect and corrosion resistance to
hydrochloric acid (Figure 6.1). The Fe-Mn-Si-Cr-Ni-Cu corrosion resistant alloys
developed on the basis of conventional Fe-Mn-Si-Cr-Ni stainless steel based shape
m e m o r y alloys exhibited improved resistance to hydrochloric acid corrosion in the
presence of and with increasing C u content (Figure 6.2). From an overall consideration
of corrosion resistance and shape m e m o r y effect, it is concluded that the addition of 1 %
C u is advantageous.

Although sulphuric acid attack of steels is usually stronger than hydrochloric acid
n e w Fe-Mn-Si-Al-Cu and Fe-Mn-Si-Cr-Ni-Cu alloys showed better corrosion resistance
than their conventional counterparts (Figures 6.4-6.6). The addition of C u to Fe-Mn-SiCr-Ni shape m e m o r y alloys was found to markedly improve resistance to sulphuric acid
attack. The corrosion rate of Fe-Mn-Si-Cr-Cu alloys decreased with increasing Cr

content, and performed in a similar w a y to Fe-Mn-Si-Cr-Ni based shape m e m o r y alloys
with similar Cr levels.

The results of immersion tests in 3.5% NaCl solution (Figure 6.7) showed that the
addition of C u did not significantly improve the corrosion resistance. A m o n g the alloys
examined, Fe-Mn-Si-Cr-Ni based alloys gave the best corrosion resistance in 3.5%
N a C l solution. However, the corrosion resistance of Fe-Mn-Si-Cr-Cu alloys was found
to increase with increasing Cr concentration.

Potentiostatic tests on Fe-Mn-Si-Cr-Ni and Fe-Mn-Si-Cr-Ni-Cu alloys (Figure 6.8)
indicated that the addition of C u is beneficial in facilitating passivation, with the critical
current density and the passive current density decreasing with increasing C u
concentration.

8.6 Thermomechanical training

The shape memory effect of the alloys investigated was significantly improved by
thermomechanical training, with the efficiency of training being a function of the number
of training cycles, the training strain, and the recovery annealing temperature. In general,
the shape recovery ratio, which is an index of the shape m e m o r y effect, increased with
increasing training cycle number, and reached a saturated value after 4 to 6 training
cycles.
The optimal training strain was found to depend on the alloy composition. For
example, for alloy 1# the highest recovery strain (about 4.3%) was obtained by applying
5.5% training strain (Figure 7.5), whereas about 6 to 6.5% training strain for alloy 28#
resulted in a recovered strain of about 5.4% (Figure 7.20). A n excessive training strain
induces slip deformation which does not contribute to the recovery strain.
The recovery annealing temperature was found to be crucial during thermomechanical
training, and the current study indicated that annealing at about 8 7 3 K was most effective
in improving the shape m e m o r y effect. Recovery annealing provides not only the driving

force for £-+y reverse transformation but also creates a suitable dislocation structure in
austenite for stress induced martensitic transformation.

It is inferred that training makes stress induced martensitic transformation easier,
because the training process creates more nucleation sites for stress induced martensite,
resulting in a finer martensite structure, and reducing the local transformation shear and
volume strains which need to be accommodated in the austenite. Although the stress to
induce martensite was significantly lowered by training, the strengthening of the parent
phase w a s not found to be significant.

Thermomechanical training also influenced £^y reverse transformation, with the Af
temperature decreasing with number of training cycles. In contrast, the M s and A s
temperatures remained nearly constant. Therefore, training appears to reduce the energy
barrier for £->y transformation, and the more refined and orderly martensite structure in
trained samples makes £->y reverse transformation easier. The improvement in shape
m e m o r y effect by thermomechanical training is clearly due to the facilitation of both
stress induced martensitic transformation and its reverse transformation to austenite.
8.7 Effect of copper on shape memory effect

The recovery strains obtained in the Fe-Mn-Si-Cr-Cu alloys are higher than any
previously reported values for Fe-Mn-Si based alloys and it is pertinent to examine w h y
C u or C u in conjunction with the other elements has such a favourable effect. Decreasing
the stacking fault energy is usually considered to facilitate y->£ transformation and a high
flow stress in the y phase allows elastic accommodation of the transformation strains,
improving transformation reversibility and thus shape memory. In austenitic stainless
steels, stacking fault energy is claimed to be increased strongly by Ni and to a lesser
extent by M n [ 6 5 ] . Copper increases the stacking fault energy[22], and would be
expected to inhibit £ martensite formation, but since it is only present in quantities of 2 %
or less, any increase in stacking fault energy is likely to be small. Moreover, the
combination of elements used in alloy 28# could produce a relatively low stacking fault

energy because the reduced M n level ( 8 % lower than alloy 1#) and the absence of Ni
could lower the stacking fault energy much more than any increase associated with

addition of 1% Cu. Although the stacking fault energy is likely to be an importan
its measurement was outside the scope of the current work.

Solid solution strengthening of the austenite by Cu could also contribute to reve

transformation. The mechanical behaviour was very similar to that of alloy 6# (Fe-

13Mn-5Si-10Cr-7Ni), Figures 5.1-5.6, but the response to training was substantiall

better in alloy 28# (compare Figures 7.8 and 7.17). This difference may be related
overall lower stacking fault energy.
8.8 Alloy cost
Highly corrosion resistant commercial Fe-Mn-Si based alloys employ a Cr/Ni

"stainless" design with up to 10% Ni. The Ni-free Cu bearing alloys developed in t
present work perform similarly in corrosion resistance to the stainless alloy but
clearly superior in shape recovery. The forecast peak price of Ni for 1996 is
US$9825/ton compared with a forecast for Cu of US$2685/ton[66], and on this basis

is clear that there is about a four times cost advantage in substituting Cu for Ni

addition however, since only 1% Cu is required in the new alloy compared to 7-10 w

Ni, there is a 30 to 40 times advantage in the cost of the quinary alloy and sinc

alloying and processing costs will be similar, the new type of alloy is clearly le
expensive than current commercial Fe-Mn-Si-Cr-Ni shape memory alloys.
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*************************************************************** ******** .,..,.

Chapter 9 Conclusions
*************************************************************************

(1) New Fe-Mn-Si-Al-Cu and Fe-Mn-Si-Cr-Cu alloys have been developed which exhibi
good shape memory effect and excellent corrosion resistance.

(2) Electrochemical tests showed that alloying with Cu facilitates the passivatio
Mn-Si based alloys, including Fe-Mn-Si-Cr-Ni alloys, and improves their corrosion
resistance.
(3) The replacement of up to 10% Ni in the conventional Fe-Mn-Si-Cr-Ni stainless

with 1% Cu in the present alloy produces a significant cost advantage in the new a

(4) The parameters for thermomechanical training of Fe-Mn-Si based alloys have be
optimised. After 3-4 training cycles of 6% strain and recovery annealing at 873K,
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Fe-Mn-Si-Cr-Cu alloy exhibited a maximum recovery strain of 5.4%, which is
significantly higher than strains previously reported for Fe-Mn-Si based alloys.
(5) The improvement in shape recovery on training was associated with a reduction in
stress to induce martensite formation and refinement of the martensite plates. It is

concluded that training creates dislocation structures which facilitate forward and r

transformation and plate refinement promotes elastic rather than plastic accommodatio
the transformation shape strain.

(6) It has been shown for the first time that ausaging, involving Ni3Ti precipitation,
is known to improve shape memory effect in other ferrous alloys, degrades the shape
memory effect in Fe-Mn-Si based shape memory alloys.

(7) The experimental data indicate that the stacking fault overlapping mechanism is t
most likely formation mechanism of £ martensite in the alloys investigated.
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Chapter 10 Suggestions for future research
**********************************************************************

10.1 Development of new alloys

In the present study, Fe-Mn-Si-Cr-Cu and Fe-Mn-Si-Al-Cu alloys were developed
which show excellent shape memory effect.

Future research on new alloys could be fruitfully directed at two aspects: (1) fi
of the compositions of Fe-Mn-Si-Cr-Cu and Fe-Mn-Si-Al-Cu alloys; and (2) studying

the effect of nitrogen on the shape memory effect. Nitrogen is a strong austenite

element. Fe-Mn-Si-N alloys can be developed by partially replacing Mn with nitroge
Nitrogen, as an interstitial, can significantly strengthen the austenitic matrix,

lead therefore to an improvement in the shape memory effect. It has been reported

alloying Fe-Mn-Si ternary alloys with small amounts of carbon can significantly i
the shape memory effect of the alloys, and it could be useful to study the effect
alloying with carbon and nitrogen on the shape memory effect of Fe-Mn-Si ternary
alloys.
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10.2 Applications
10.2.1 Pipe joints

The most attractive industrial application of Fe-Mn-Si based shape memory alloys i
joining. Figure 9.1 schematically shows the joining procedure. There are several

methods for preparing shape memory tubes and pipes: (1) welding, (2) extrusion, an

(3) hot rolling (to make seamless pipes). The author has had some experience produ

seamless Fe-Mn-Si alloy pipes by the Manesman oblique hot rolling technique. It wa

found that the deformation resistance of the alloy is very high at high temperatur

Fe-Mn-Si ternary alloys, rolling at about 1120°C is suitable to make crackfree pip
deformation should be limited to 11%, and a low rolling speed should be employed.

The iron based shape memory joints possess high strength, low cost and high pull o

force. They can be used in oil field and chemical plant applications and this tech

replace welding in some circumstances. The pipes to be joined and the shape memory
coupling can be pre-coated before joining, and therefore the corrosion resistance

kind of joint is much higher than that by welding which will damage any protective

coating. Hydraulic tests have shown that the joints can tolerate very high pressur
leakage only occurring when the pressure was higher than 500 atmospheres.
The recoverable strain of Fe-Mn-Si based shape memory alloys is smaller than that
NiTi alloys, which is a disadvantage in commercial applications. However, if

thermomechanical training can be used in producing pipe joints, the recoverable st
can be highly enhanced. It is necessary to do research work on the development of
training techniques for shape memory pipe joints.

10.2.2 Fasteners and other connectors
Iron based shape memory alloys have high strength, and they can be used to make

fasteners. In some circumstances, shape memory fitting can replace hot fitting. Th

contraction in hot fitting is much smaller than the recovery strain of shape memor
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alloys, and therefore the fit tolerance for hot fitting needs to be rigorously controlled,
leading to a high cost.

pipe coupling

|

Pipe

expanded

contracted (on heating)

Figure 10.1 A schematic drawing of pipe joining using shape m e m o r y alloys
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